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Nitrogen (N) fertilizer inputs are required to maintain corn production in high-yielding 
cropping systems across much of the U.S. Midwest. However, applied N can also increase N 
losses through nitrate-nitrogen (NO3-N) leaching and nitrous oxide (N2O) emissions, negatively 
impacting water and air quality, respectively.  Given these competing demands, there is a 
pressing need to develop new strategies for maintaining grain yields and economic returns while 
decreasing the risk of environmental N pollution. Therefore, the overall objectives of this 
dissertation research were to (i) evaluate the effectiveness of in-field recommended management 
practices for improving water quality while also assessing potential agronomic and 
environmental tradeoffs of those practices, and (ii) explore how process-based modeling tools 
could be used as an integrative approach for linking sustainability outcomes with improved 
agronomic efficiencies. Results from a 3-yr field experiment highlighted potential environmental 
tradeoffs between water and air quality when pairing in-season split N application with a cereal 
rye cover crop. Combining these two practices reduced NO3-N losses by 37% compared to pre-
season N application alone, but soil N2O emissions also increased by 27%. Corn yields were not 
significantly affected by in-field management practices, indicating no agronomic tradeoffs. An 
analysis of 32 site-years of crop and soil data found that soil mineral N provided moderately 
good predictions for achieving optimum grain yields (R2 = 0.46 – 0.61). While increasing soil 
mineral N from deficiency to sufficiency levels increase corn yields by 22%, it also increased the 
probability of environmental N losses. Together, these results show that N fertilizer management 
and cover cropping can greatly impact production and sustainable goals. The delicate balance 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Nitrogen (N) fertilizer inputs are essential to produce corn in the U.S. Corn Belt, an 
important agricultural region accounting for 85% of the total U.S corn production. However, 
agricultural N contributions to water quality degradation through nitrate-nitrogen (NO3-N) losses 
have become a relevant environmental concern within the Mississippi River Basin. Applied N 
fertilizer can also be converted to nitrous oxide (N2O), a potent greenhouse gas contributing to 
ozone layer depletion. Given these competing demands, there is a pressing need to develop new 
in-field strategies for optimizing N fertilizer management and grain yields while also decreasing 
the risk of environmental N pollution. 
In response to the U.S. Environmental Protection Agency 2008 Gulf Hypoxia Action 
Plan, Illinois and other states in the Mississippi River Basin have developed individual nutrient 
loss reduction strategies outlining the most effective in-field and edge-of-field practices for 
reducing NO3-N leaching from agriculture and other sources. Although the Illinois Nutrient Loss 
Reduction Strategy (IEPA et al., 2015) is a voluntary framework, there are current efforts among 
agricultural organizations and agribusinesses to encourage the adoption of conservation practices 
for achieving the “Phase 1 Milestone” of reducing annual NO3-N loadings in 15% by 2025 
(IEPA et al., 2015; Illinois CBMP, 2019; Marks and Boerngen, 2019). The Illinois Nutrient Loss 
Reduction Strategy also provided estimates for the effectiveness of in-field practices if they were 
fully implemented in the state. For instance, NO3-N losses were estimated to be reduced by 20% 
when shifting all fall N applications to spring-only applications on tile-drained fields in central 
Illinois. With a split N application of 50% in the fall and 50% in the spring, the estimated 




crops (i.e. corn-soybean rotation) led to the largest nitrate-N reduction of any in-field practice 
with an estimated 30% reduction.  
While considerable research has quantified nitrate-N losses under different N 
management practices (Christianson and Harmel, 2015), few studies have simultaneously 
assessed the combined impacts of cover crops and N management on water quality and grain 
yield, particularly at the field-scale. Monitoring N fertilizer's fate in agricultural fields is 
challenging due to interactions among weather, soil properties, crop growth, and soil N 
transformations, which causes a large amount of spatial and temporal variability in N cycling 
processes. This means that research conducted in small plots may not always translate to 
outcomes under commercial crop production conditions. To provide more evidence on the 
effectiveness and potential risks of recommended practices for improving water quality in 
Illinois, there is a need to develop comprehensive large-scale research platforms to 
simultaneously evaluate the agronomic and environmental performance of N management 
practices and cover crops.  
Given the widespread promotion of 4R N management [the right source, at the right rate, 
at the right time, and the right place (The Fertilizer Institute, 2020)] and cover crops, it is also 
important to evaluate the impacts of these practices on grain yield, which will largely influence 
adoption by farmers. Although a greater reduction in NO3-N loss is expected with higher levels 
of cover crop biomass production, it also increases the likelihood of immobilization of available 
N during its decomposition, resulting in significant yield reductions. Because multiple N loss 
pathways are not often evaluated in the same fields in the same cropping year (Eagle et al., 
2017b), it is unclear whether efforts to reduce NO3-N losses will correspond to other 




crops can increase N2O emissions by increasing substrate availability for microbial 
denitrification and by creating anaerobic microsites due to increased microbial respiration and 
greater water absorption by plant residue (Baggs et al., 2003; Petersen et al., 2011; Chen et al., 
2013; Mitchell et al., 2013; Kravchenko et al., 2017).  
In addition to understanding the impacts of recommended practices, there is a need for 
new strategies to optimize N fertilizer management. With recent developments in technologies, 
process-based modeling tools have become widely available to estimate soil N availability 
throughout the growing season. In theory, these new tools can assist in-season N management 
decisions to improve grain production and N use efficiency. However, the degree to which soil N 
concentration explains yield variability throughout vegetative growth remains uncertain. 
Moreover, when developing new tools, the risks of environmental N losses should also be 
considered (Banger et al., 2017) to determine if high yields can be obtained with a low risk of 
environmental losses. 
The value in the present research approach is being able to evaluate the potential 
reduction in tile drainage NO3-N losses with improved N management practices (N fertilizer 
timing and source) and cover crops, while also assessing potential agronomic and environmental 
tradeoffs. This information will help producers and policy-makers understand the benefits and 
drawbacks of using combined in-field conservation practices to enhance the sustainability of 
high-yielding cropping systems in Illinois. 
Dissertation organization 
Chapter 2 describes the experimental design and the methodology used to monitor 
cropping system N dynamics at field-scale, including subsurface drainage NO3-N losses, soil 




indices. As remote sensing technologies have increasingly been used for crop monitoring and 
yield forecasting, we used the baseline year data to quantify and evaluate relationships between 
water, air, crop, and remote sensing data; and discuss the benefits and limitations of using recent 
developments in technology to monitor cropping system N dynamics at field-scale. 
Chapter 3 evaluates and discusses the effects of in-season split N application alone and in 
combination with cereal rye cover crop in comparison to pre-season N application on subsurface 
drainage NO3-N losses and corn yield over a 3-yr (2018-2020) field study conducted in central 
Illinois. Chapter 4 evaluates and discusses the impacts of these practices on soil N2O emissions. 
Finally, Chapter 5 uses soil and corn yield data from field experiments over a 4-yr period in 
Illinois (2015-2018) to test the underlying assumption of process-based models that soil mineral 
N during late vegetative growth stages helps predict yield response, while also evaluating the 
risks of environmental N losses based on soil mineral N levels. 
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CHAPTER 2: COMBINING ENVIRONMENTAL MONITORING AND REMOTE 
SENSING TECHNOLOGIES TO EVALUATE CROPPING SYSTEM NITROGEN 
DYNAMICS AT THE FIELD-SCALE 
An open-access article published in the Frontiers in Sustainable Food Systems Journal.  
Preza Fontes, G., Bhattarai, R., Christianson, L.E., and Pittelkow, C.M. (2019), Front. Sustain. 
Food Syst. 3:8. http://doi.org/10.3389/fsufs.2019.00008  
ABSTRACT 
Nitrogen (N) losses from cropping systems in the U.S. Midwest represent a major 
environmental and economic concern, negatively impacting water and air quality. While 
considerable research has investigated processes and controls of N losses in this region, 
significant knowledge gaps still exist, particularly related to the temporal and spatial variability 
of crop N uptake and environmental losses at the field-scale. The objectives of this study were (i) 
to describe the unique application of environmental monitoring and remote sensing technologies 
to quantify and evaluate relationships between artificial subsurface drainage nitrate (NO3-N) 
losses, soil nitrous oxide (N2O) emissions, soil N concentrations, corn (Zea mays L.) yield, and 
remote sensing vegetation indices, and (ii) to discuss the benefits and limitations of using recent 
developments in technology to monitor cropping system N dynamics at field-scale. Preliminary 
results showed important insights regarding temporal (when N losses primarily occurred) and 
spatial (measurement footprint) considerations when trying to link N2O and NO3-N leaching 
losses within a single study to assess the relationship between crop productivity and 
environmental N losses. Remote sensing vegetation indices were significantly correlated with 
N2O emissions, indicating that new technologies (e.g. unmanned aerial vehicle platform) could 




efficiencies, with lower vegetation index values associated with poor crop performance and 
higher N2O emissions. However, the potential for unmanned aerial vehicle to evaluate water 
quality appears much more limited because NO3-N losses happened prior to early-season crop 
growth and image collection. Building on this work, we encourage future research to test the 
usefulness of remote sensing technologies for monitoring environmental quality, with the goal of 
providing timely and accurate information to enhance the efficiency and sustainability of food 
production. 
INTRODUCTION 
The installation of artificial subsurface drainage (tile drainage) played an important role 
in the development of the U.S. Midwestern Corn Belt, with the drainage improved in this way on 
more than 17 million ha across the region today (USDA-NASS, 2012). This region is one of the 
most productive agricultural areas in the world. In 2017, the states of Illinois, Indiana, Iowa, 
Michigan, Minnesota, Missouri, Ohio, and Wisconsin produced approximately 232 million 
metric tons of corn (Zea mays L.) on 19.4 million ha of land (USDA-NASS, 2018), accounting 
for approximately 35% of the world’s total corn production (USDA-ERS, 2018). As global 
demand for food, fiber, and energy is expected to continue increasing throughout the second half 
of the 21st century (Godfray, 2014), agricultural producers are facing the dual challenge of 
further increasing crop production while conserving natural resources and enhancing 
environmental sustainability. Nitrogen (N) fertilizer inputs, in particular, are essential to 
maximize production and sustain soil quality in high-yielding cropping systems (Mueller et al., 
2012; EU Nitrogen Expert Panel, 2015). However, applied N fertilizer is susceptible to 
environmental losses, with approximately only half of N inputs recovered by harvested crop 




In the U.S. Midwest, N losses from croplands represent a major environmental and 
economic concern, negatively impacting water and air quality. The naturally N-rich soils in this 
region are extremely well-suited for highly productive cropping systems, but these soils also 
require artificial tile drainage to meet productivity potential. The combination of cropping 
systems composed of annual row crops, some of which are N-intensive, naturally N-rich soils, 
and tile drainage is a key driver of elevated nitrate (NO3-N) concentrations in the upper 
Mississippi River Basin (David et al., 2010). High N loads from this region contribute 
significantly to the seasonal hypoxic zone (oxygen-depleted area) in the Northern Gulf of 
Mexico each year (USEPA, 2007). Meanwhile, soil nitrous oxide (N2O) emissions are a potent 
greenhouse gas (GHG) contributing to stratospheric ozone depletion (Ravishankara et al., 2009). 
In 2016, soil management activities (including N fertilizer application) accounted for 77% of the 
total anthropogenic N2O sources in the U.S., with the agriculture sector contributing around 9% 
of total GHG emissions overall (USEPA, 2019). A recent economic analysis estimated N losses 
(air/deposition, surface freshwater, groundwater, and coastal zones) related to agricultural N use 
in the U.S. have corresponding environmental damage costs of $157 billion yr-1 (Sobota et al., 
2015). 
Management of N fertilizer to meet both production and environmental goals is 
challenging, in part because cropping system N dynamics are based on complex relationships 
that are difficult to monitor and cannot be easily predicted. Ammonium (NH4-N) and NO3-N are 
the main forms of inorganic soil N, with NH4-N being rapidly converted to NO3-N through the 
process of nitrification in warm, well-aerated soil (Norton, 2008). However, NO3-N is 
susceptible to losses through leaching (the downward movement of dissolved nutrients through 




reduction of NO3-N into N2O gas under anaerobic conditions and microbial respiratory 
metabolism) (Coyne, 2008). Due to interactions among weather, soil properties, crop growth, 
and soil N transformations, the fate of applied N fertilizer is highly variable and there are 
unanswered questions about how much N not recovered by the crop is susceptible to N leaching 
and gaseous losses (Scharf, 2015). Adding to this complexity is that relationships between soil N 
availability, crop N uptake, and environmental losses vary across temporal and spatial scales. 
While considerable research has investigated processes and controls of N losses in this region, 
individual studies are often focused on only one or two components of the system, leading to an 
incomplete understanding. Thus, significant knowledge gaps still exist, particularly related to 
how the spatial and temporal variability of soil-plant-water relationships collectively drive 
environmental N losses at the field-scale. 
The ability to simultaneously measure crop N dynamics and environmental loss pathways 
using recent developments in monitoring technologies could be an important step in improving 
crop production efficiencies to maximize grain yields while reducing N losses. For instance, it is 
well documented in separate studies that increased N inputs correspond to greater N2O and tile 
drainage N losses in corn-based systems, especially when the N rate exceeds plant N demand 
(Decock, 2014; Christianson and Harmel, 2015a). Therefore, one would expect that conditions 
leading to high N leaching losses would also result in high N2O losses. However, a recent meta-
analysis evaluating the effects of N fertilizer management practices on corn yields and N losses 
highlighted the lack of paired N2O emission and drainage N leaching data collected from the 
same fields in the same cropping year (Eagle et al., 2017b). With only one study out of 27 in the 
U.S. and Canada measuring both N2O and N leaching losses, these authors concluded the lack of 




2017b). Similarly, understanding potential tradeoffs between crop productivity and 
environmental N losses is a key issue in reducing the N footprint of agriculture (Zhang et al., 
2015). However, few studies have evaluated whether increased crop yields and N uptake within a 
field correspond with lower N2O emissions and N leaching losses, likely because individual 
studies are often focused on only limited parameters due to disciplinarity of researches often 
combined with funding limitations.  
Investigating the potential usefulness of enhanced monitoring technologies requires field-
scale research approaches to identify benefits and limitations for specific crop production 
contexts. In addition to spatial variability of N cycling processes within a field, there is also 
variation between different measurement methods. Nitrous oxide emissions are often measured 
following the static closed-chamber method in small areas (~0.7 × 0.4 m) (Parkin and Venterea, 
2010). This observational footprint is significantly smaller than many drainage studies where the 
nature of drainage hydrology integrates N leaching losses over several hectares (Christianson et 
al., 2016). Crop response to N fertilizer has also been shown to be highly variable within-field 
due to differences in soil properties (Scharf et al., 2005; Schmidt et al., 2011b). At broader 
spatial scales, remote sensing technologies [e.g., satellite imagery, unmanned aerial vehicles 
(UAV)] have increasingly been used for crop monitoring and yield forecasting in recent decades 
(Rembold et al., 2013). These new technologies allow improved data collection capability over 
large areas with finer temporal and spatial resolution, and these technologies are becoming more 
readily available at the farm-level to aid monitoring, awareness, and decision-making (Atzberger, 
2013; Bell and Tzimiropoulos, 2018). However, we are unaware of efforts to combine recently 




processes are correlated at the field-scale, while also exploring the limitations of such 
approaches. 
The objective of this investigation was to describe the unique application of 
environmental monitoring and remote sensing technologies to quantify cropping system N 
dynamics (i.e. artificial subsurface drainage N losses, soil N2O emissions, soil N concentrations, 
corn yield, and remote sensing vegetation indices) at a new research site established in central 
Illinois, U.S. The purpose of this manuscript was to interpret preliminary results from 2017 
(corresponding to the baseline year of a long-term field experiment) to illustrate how this 
research approach can help inform the development of high-yielding crop production systems 
with a low environmental footprint. 
MATERIAL AND METHODS 
Site description and experimental design 
Sixteen individually subsurface drained plots (hydrologically isolated using border tiles) 
were established in fall 2016 at the University of Illinois Dudley Smith Farm in Christian 
County, IL, U.S. (39º 27’ N, 89º 6’ W). Each plot was approximately 0.85 ha, containing three 
tile laterals at 18 m spacing (Figure 2.1). The drainage system was designed using a drainage 
design coefficient of 9.5 mm day-1 (i.e. the rate at which water is to be removed from the field). 
The soils were generally silty clay loam and silt loam series, classified as somewhat poorly 
drained (Herrick, Oconee, and Oconee-Darmstadt-Coulterville series), poorly drained (Virden 
series), and moderately well drained (Harrison series) (Web Soil Survey, 2018). The region has a 
hot humid continental climate (Köppen Climate Classification System: Dfa), with a long-term 




temperature and precipitation were recorded using an on-site weather station (HOBO® RX3000, 
Onset Computer Corporation, Bourne, MA, U.S.) (Figure 2.2). 
 







Figure 2.2. Daily maximum and minimum air temperature and precipitation during the corn 
growing season in 2017 at Dudley Smith Farm. (N, nitrogen; PM, physiological maturity). 
 
Drainage water monitoring 
Each plot drained to an inline control structure (AgridrainTM, Adair, IA, U.S.). Beginning 
in late spring 2017 (April/May), drainage flow was continuously monitored using a water level 
data logger (HOBO U20L-04, Onset Corporation, Bourne, MA, U.S.; water depth recorded every 
15 min) at six of the 16 plots (plots 3, 7, 9, 10, 13, and 15). These initial six plots were selected 
from across the site to trial potential monitoring equipment during this baseline year; all plots 
were eventually instrumented during the treatment period (data not presented here). Drainage 
flow rates were calculated using a calibrated v-notch weir equation or a compound weir equation 
at greater flow depths (AgriDrainTM, personal communication; Chun and Cooke, 2008). Drainage 
water samples (~ 100 mL) were collected weekly from all 16 plots, filtered within 24 h (0.45 µm, 
S-Pak® Membrane Filters, Millipore Sigma, Darmstadt, Germany), and stored frozen until 
analysis for NO3-N (within 20 days; method 10-107-106-1-J, Lachat QuickChem 8500 series, 




concentrations by discharge volumes for each sampling event and summing across the growing 
season. Yield-scaled NO3-N leaching losses (YSNO3, in kg NO3-N per Mg of grain) were 
estimated by dividing NO3-N loads by grain yield for each plot. 
Soil N2O emission and inorganic N measurements 
Measurements of N2O were performed following the closed-static chamber method 
according to USDA-ARS GraceNET Project Protocols (see details in Parkin and Venterea, 
2010). The chamber consisted of two parts: a chamber base (67.3 cm length × 40.6 cm width × 
14 cm height) and a vented closed chamber lid (same dimensions as the base) that was covered 
with reflective double bubble foil insulation (Ecofoil, Urbana, IA, U.S.) to minimize temperature 
changes during gas sampling. The lids also contained a layer of weather stripping (Lundell 
Manufacturing Corporation, Minneapolis, MN, U.S.) lining the connection between lids and base 
to create an air-tight seal during gas sampling and prevent ambient mixing. The chamber bases 
were inserted 5 cm into the soil on May 15, approximately 4.5 m beside the center tile lateral to 
obtain representative drainage conditions. This location was the midpoint between the plot area 
furthest from the lateral (9 m) and directly over the lateral. Chamber bases were left in place 
during the entire growing season (Figure 2.1).  
Gas samples were collected weekly from side-dress N application until August, and twice 
a month thereafter. On each sampling date, the chamber lid was placed on top of the chamber 
base and secured in place with clamps. Each chamber lid had an airtight septum at the top 
through which samples were withdrawn. Individual gas samples of 20 mL were taken at 0, 16, 
32, and 48 min following chamber deployment using a 20 mL syringe. After withdrawing a 
sample, 5 mL of gas was ejected, and 15 mL was immediately transferred into a 10 mL 




Lawrence, KS, U.S.). Rubber stoppers were covered with clear RTV silicone adhesive sealant 
(Dow Corning, Midland, MI, U.S.) to prevent leakage. Gas samples were stored in glass vials 
until analyzed by gas chromatography (Shimadzu GC-2017, Canby, OR, U.S.). Nitrous oxide 
fluxes were calculated from the linear increase in gas concentration in the chamber headspace 
versus time, as described by Parkin and Venterea (2010). Cumulative area-scaled N2O emissions 
(cN2O) were estimated using trapezoidal integration of flux versus time, as described by 
Venterea et al. (2011). Yield-scaled N2O emissions (YSNE, in kg N2O per Mg
 of grain) were 
estimated for each plot by dividing cN2O by the respective grain yield (van Groenigen et al., 
2010). 
Soil samples for NO3-N and NH4-N determination were taken following procedures 
described by Graham et al. (2018). Briefly, composite samples were obtained from five equally 
spaced soil cores across the inter-row area along a transect running perpendicular to the crop 
row. Samples were collected to 20-cm depth near gas chambers in each plot using a 2-cm 
diameter probe. Soil inorganic N was extracted within 24 h using 2M KCl, and NO3-N and NH4-
N concentrations were determined using a Smartchem 170 discrete wet chemistry auto-analyzer 
(Unity Scientific, Milford, MD, U.S.). 
Corn management and aerial imagery collection 
Corn was grown with uniform management across all 16 plots in 2017. Following pre-
plant tillage to prepare the seedbed (S-tine field cultivator 2210 John Deere, Moline, IL, U.S.), 
corn was planted on April 26 2017 at 80,000 seeds ha-1 and 76 cm row spacing. Nitrogen 
fertilizer management consisted of a pre-plant application (April 25 2017; 168 kg N ha-1) and a 
side-dress application (June 14 2017; 135 kg N ha-1), both as liquid urea ammonium nitrate 




Manufacturing Company, NE, U.S.) that injected the liquid fertilizer between crop rows at a 
depth of 3.5 cm below the soil surface. 
Aerial imagery was collected using a UAV (3DR® Drone Site Scan, Berkeley, CA, U.S.) 
equipped with a multi-spectral sensor (Parrot Sequoia®, Paris, France) on June 14 2017 and July 
12 2017 (corn approximately at growth stages V6 and R1, respectively). The images were taken 
at an altitude of 100 m, with a spatial resolution of 10 cm. The Normalized Difference 
Vegetation Index (NDVI) and Normalized Difference Red Edge Index (NDRE) were calculated 
from the reflectance measurements in the Red, Red Edge, and Near Infrared (NIR) portion of the 
spectrum, according to the following equations (Gitelson, 2011): 





𝑵𝑫𝑹𝑬 =  
𝑁𝐼𝑅 − 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒
𝑁𝐼𝑅 + 𝑅𝑒𝑑 𝐸𝑑𝑔𝑒
 
[2.2] 
A total of 20 locations over the site were randomly selected to collect plant biomass 
samples after the drone flight on June 14 2017. The sample areas (0.76 m2) were georeferenced 
using a Global Position System (GPS) (Geo 7X handheld GeoCollectorTM, Trimble®, 
Wesminster, CO, U.S.). The plants were clipped at ground level, dried at 60º C in a forced-air 
oven for 7 days, ground to pass through a 2-mm screen (Wiley Mill, Arthur H. Thomas Co., 
Philadelphia, PA, U.S.), and analyzed for N via combustion on an elemental analyzer (Brookside 
Labs, New Bremen, OH, U.S.). 
After corn physiological maturity (growth stage R6), grain and biomass N concentration 
was determined following a standard research protocol in this region (Kitchen et al., 2017). A 
total of six whole plants were taken near the gas chambers within each plot and separated into 




screen using the Wiley Mill. Corn grain was shelled from ears using an Almaco ECS (Nevada, 
IA, U.S.). Grain moisture and test weight were measured with a grain analyzer (Model GAC 
2000, DICKEY-John Corp., Springfield, IL, U.S.). Grain yields were corrected to 155 g kg-1 
moisture content. To calculate total aboveground N uptake, N concentration for both grain and 
stover samples were determined by Brookside Labs as described above.  
Corn was harvested on October 17 2017, using a John Deere Combine equipped with a 
GREENSTARTM Yield Monitor System and Yield Mapping System (John Deere, Moline, IL, 
U.S.). Grain yield was recorded every three seconds along with GPS location. Grain yield data 
consisted of 21,647 points (observations) for the entire field (41.5 ha). For each point, N content 
in grain was estimated using the average N concentration from the hand-harvested samples 
(1.4%). Nitrogen balance was estimated as an indicator of environmental loss and was calculated 
by the difference between N input (fertilizer) and N output (N removed in grain) (McLellan et 
al., 2018). 
Data processing and analysis 
After each drone flight, aerial images were processed and analyzed using Pix4D Software 
(Pix 4D S.A., Switzerland). A raster image file with a spatial resolution of 10 cm was created for 
both NDVI and NDRE of corn at both growth stages. All maps were created using ArcGIS 
(version 10.5, ESRI®, Redlands, CA, U.S.) Geospatial Analyst tool.  
The pixel values from the raster files were extracted and averaged based on the 
measurement scale at which the different observational data were collected. For instance, the 
NDVI and NDRE values were extracted and averaged within each plant biomass sampling area 
(0.76 m2) to make inferences regarding the relationship between remote sensing indices and in-




values were extracted and averaged across the sampling area comprising the gas chamber (1.5 
m2) in order to evaluate the relationship between N2O emissions and remote sensing indices. 
Average NDVI and NDRE values were also obtained for each plot (~0.85 ha) to evaluate the 
relationship between NO3–N loads and remote sensing indices. 
Before yield map analysis, grain yield data was filtered to remove the extreme outliers 
[i.e., values outside of the mean ± 3 standard deviation (Schwalbert et al., 2018)] due to common 
inherent errors when the combine changed speed and direction (Simbahan et al., 2004). The final 
data set was normally distributed and comprised 97% of the original data (mean 13.2 Mg ha-1, 
standard deviation 2.15 Mg ha-1). A grain yield map was created in raster format by spatial 
interpolation of point measurements using the Inverse Distance Weighted method. A grid-cell 
size of 12.2 × 12.2 m was selected to reflect the width of the combine’s head used for harvesting. 
Correlation analyses were conducted using PROC CORR of the SAS® Software (v9.4, 
SAS Institute, Cary, NC, U.S.) to evaluate the degree of association among remote sensing 




Compared to the 30-yr average for the region, monthly precipitation in 2017 was high 
early in the growing season (April and May) and low throughout the remainder of the season 
(except July) (data not shown). Precipitation amounts in April and May were 47.7 and 18.2 mm 
greater than the 30-yr average. Total precipitation in August and September was 9.3 and 2 




precipitation was observed from late April to early May, with daily precipitation totals ranging 
from 4.5 to 41 mm (Figure 2.2). 
Soil N2O emissions, tile drainage NO3-N concentrations, and soil inorganic N 
concentrations 
The overall pattern of daily N2O fluxes (dN2O) during the growing season was similar 
among plots, despite differences in magnitude (Figure 2.3A). There were clear signals of 
increased N2O fluxes on May 23, June 19, and July 25. For example, five days after UAN side-
dress application (June 19), dN2O increased from 4.9 and 4.3 to 72.3 and 81.7 g N2O-N ha
-1 day-1 
on plots 1 and 2, respectively. Similarly, dN2O were above 90 g N2O-N ha
-1 day-1 for both plots 
7 and 16 on that date. Spikes in dN2O were also seen later in the growing season (July 25), 
particularly on plots 1, 2, 8, and 9.  
Whereas trends in N2O emissions were relatively consistent across plots, tile drainage 
NO3-N concentrations showed much greater variability (Figure 2.3B). While there was a similar 
decreasing seasonal trend in NO3-N concentrations over the growing season, the coefficient of 
variation (CV) of daily NO3-N concentration was above 40%, despite the similar soil types, 
weather patterns, and consistent drainage design for this experimental site. For instance, on the 
first sampling date (May 2), NO3-N concentration ranged from 2.9 (plot 11) to 16.6 mg NO3-N 
L-1 (plot 5), highlighting the within-field temporal and spatial variation. Elevated NO3-N 
concentrations also were observed during the last two weeks of May (May 17 – May 30) on plots 
8 and 13. Tile drainage flow stopped from July 27 to October 11 due to zero precipitation during 





Figure 2.3. Daily nitrous oxide fluxes (dN2O) (A), tile drainage nitrate concentration (B), soil 





The temporal behavior of soil NO3-N and NH4-N concentrations were somewhat 
different from each other. Throughout the growing season, temporal variability was lower in soil 
NO3-N (CV ranged from 42 to 60%) compared to NH4-N concentration (CV ranged from 52 to 
94%) (Figure 2.3C and 2.3D). Before the UAN side-dress, soil NO3-N concentration was greater 
(< 70 ppm) in all plots compared to NH4-N (< 20 ppm). Yet, NH4-N concentration rapidly 
increased in most of the plots after the second N fertilization event, with several spikes (> 20 
ppm increase) in NO3-N concentration also being observed. For instance, NH4-N concentration 
increased from approximately 5 to more than 150 ppm on plots 2, 8, and 13. In addition, NH4-N 
concentration was above 50 ppm in all plots (except 7, 12, 15, and 16). Except for plot 1, soil 
NO3-N and NH4-N concentrations were lower towards the end of the growing season. 
In-season corn NDVI and NDRE 
In general, higher spatial variability of both NDVI and NDRE were seen at V6 compared 
to when corn was at growth stage R1 (Figure 2.4). Across the entire field, the CV of NDVI and 
NDRE were 29 and 23% at V6 compared to 8 and 11% at R1, respectively. When averaged 
within plots, the CV ranged from 10 (plot 13) to 28% (plot 12) for NDVI at V6 compared to the 
range of 1 (plot 9) to 7% (plot 4) at R1. Similarly, higher CV was found on NDRE at V6 
(ranging from 13 to 22%) than at R1 (ranging from 4 to 8%). 
The linear regression models relating plant biomass and N content with both NDVI and 
NDRE showed a highly significant relationship (p < 0.001) (Figure 2.5). At growth stage V6, the 
variation in plant biomass was more strongly correlated with NDVI (R2 = 0.67) compared to 
NDRE (R2 = 0.40). Similar trends were seen when plant N content was plotted against NDVI and 





Figure 2.4. Normalized Difference Vegetation Index (NDVI) (A, B) and Normalized Difference 
Red Edge (C, D) of corn at growth stage V6 and R1 during the 2017 corn growing season. 
 
Figure 2.5. Relationship of plant biomass (A) and nitrogen (N) uptake (B) with both Normalized 




Corn yield and N balance 
Corn grain yield was found to be highly variable both within-field and within-plots 
(Figure 2.6A). Across the entire field, the mean grain yield was 13.2 Mg ha-1 and the CV was 
16%. When averaged within-plots, grain yield ranged from 12.8 (plot 4) to 15 Mg ha-1 (plot 8), 
and the CV ranged from 5 (plot 7) to 17% (plot 14). 
As the end-of-season N balance was estimated from grain yield and grain N 
concentration, the spatial variability of N balance followed a similar but inverse trend to yield. 
That is, areas in the field with low and high values of N balance corresponded to areas with high 
and low grain yields, respectively (Figure 2.6B). The average N balance across the whole field 
was 145 kg ha-1 with a CV 14%. Despite high grain yields in portions of the field, there were no 
negative N balance values, which ranged from 75 to 242 kg ha-1.  
Relationship between remote sensing vegetation indices, crop, air, and water quality data 
Overall, few significant relationships were observed between vegetation indices and crop, 
air, and water quality data. However, NDVI at growth stage V6 was negatively correlated with 
N2O losses (p < 0.1) (Table 2.1). Also, the correlation coefficient (R) between NDVI and N2O 
losses increased as the season progressed (R = -0.44, -0.56, and -0.66 for cN2O at growth stage 
V6, R1, and seasonal cN2O, respectively). Early- and mid-season remote sensing vegetation 
indices were significantly correlated with corn grain yield and end-of-season N balance. Corn 
grain yield and N balance was positively and negatively correlated with both NDVI and NDRE 




































cN2O V6 -            
cN2O R1 0.89
*** -           
cN2O R6 0.44
* 0.60** -          
YSNE 0.45* 0.58** 0.98*** -         
NO3-N 
load -0.25 -0.28 0.55 0.65 -        
YSNO3 -0.26 -0.33 0.45 0.63 0.99
*** -       
NDVI V6 -0.44* -0.56** -0.66** -0.61** -0.37 -0.43 -      
NDVI R1 -0.56 -0.19 -0.16 -0.08 -0.04 -0.12 0.49* -     
NDRE V6 0.21 0.09 -0.14 -0.17 -0.67 -0.66 0.22 0.44* -    
NDRE R1 0.07 0.07 -0.30 -0.22 0.11 0.06 0.12 0.76*** 0.47** -   
Grain yield 0.05 0.15 0.17 0.00 -0.50 -0.54 0.45* 0.73*** 0.79*** 0.74*** -  
N balance 0.20 0.13 0.01 0.07 0.53 0.57 -0.46* -0.67** 0.85*** -0.63*** -0.97*** - 
cN2O = cumulative N2O emissions at corn growth stage V6, R1, and R6; YSNE = yield-scaled N2O emissions; YSNO3 = yield-
scaled nitrate load; NDVI = Normalized Difference Vegetation Index; NDRE = Normalized Difference Red Edge. 







The lack of studies evaluating multiple pathways of N loss limits our overall 
understanding of, and ability to optimize, N management to achieve both crop production and 
environmental goals, particularly in highly productive tile-drained landscapes. In this study, we 
used recent developments in technologies to evaluate the variability and potential correlations 
between N cycling processes within 16 separate experimental units in a field. As noted above, 
2017 corresponds to the baseline year of a long-term field experiment and no treatments were 
imposed. We also acknowledge that definitive relationships cannot be determined based on one 
year of data, and thus, preliminary results are interpreted with the goal of highlighting the type of 
knowledge gained using this unique approach and the benefits and limitations for developing 
strategies to mitigate N losses and enhance crop production sustainability.  
Relationship between crop productivity and N losses 
One common theory for minimizing the risk of N losses is to increase crop productivity 
per unit of applied N (Snyder et al., 2009; van Groenigen et al., 2010; McLellan et al., 2018). 
Yet, surprisingly few studies have evaluated within-field relationships between crop yield and 
both N2O emissions and N leaching losses, perhaps because these parameters are not often 
collected or reported for the same experiment (Omonode et al., 2017). In this study, growing 
season N2O emissions and NO3-N loads were not significantly correlated with grain yield (Table 
2.1). While this finding is not consistent with the theory that higher yields correspond with lower 
environmental N losses, it nonetheless illustrates the benefits of this experimental approach for 
simultaneously evaluating of agronomic and environmental performance in this region. 
The need to identify potential tradeoffs between crop productivity and N losses is also 




by reducing N balance, which is proposed as a robust index of potential N losses because it is a 
measure of anthropogenic N supply that exceeds crop N demand (McLellan et al., 2018). As the 
majority of crop N uptake is concentrated in grain at the end of the season, large N balances are 
generally associated with high N rates and/or low yields. In this study, relatively large N 
balances resulted from an N rate well above regional recommendations, suggesting that a greater 
portion of applied N fertilizer was susceptible to losses. However, similar to yield, correlations 
between N balance and N2O and NO3-N leaching losses were not significant (Table 2.1). This 
finding differs from McLellan et al. (2018), who found a significant relationship between N 
balance and yield-scaled N losses using data from published studies and modeling efforts in the 
U.S. Corn Belt. In another meta-analysis assessing N2O emissions in North America’s corn 
production systems, Omonode et al. (2017) found a strong and positive relationship between 
N2O losses and N balance, suggesting that management systems achieving low N balance (< 60 
kg N ha-1) would possibly increase N use efficiency and decrease cN2O. Generating additional 
empirical evidence through field-scale experiments under commercial production conditions 
should help scientists further evaluate and strengthen these relationships, especially if N balance 
is used in developing policies or incentive programs. 
Relationship between N2O emissions and NO3-N leaching losses 
Evaluating patterns in N losses throughout the season may help elucidate potential 
relationships between N2O emissions and NO3-N leaching losses. In theory, N2O and NO3-N 
leaching losses should be related via soil N pools (Denk et al., 2017). Nitrogen fertilization is a 
major factor controlling N2O production in agricultural soils because of its direct impact on soil 
mineral N availability (NH4-N + NO3-N) (Snyder et al., 2009), and N2O emissions have been 




2014; Shcherbak et al., 2014). In 2017, notable spikes in soil N2O emissions occurred on several 
dates, with dN2O increasing from 8 to 50 g N2O-N ha
-1 day-1 right after UAN side-dress 
application (Figure 2.3A). However, spikes did not always correspond with N application events, 
fluxes were also correlated with soil moisture (R = 0.55, p <0.001, n = 80) and to a lesser extent 
soil temperature (R = 0.25, p = 0.028, n = 80). Following a similar logic as N2O emissions, due 
to the high mobility of NO3-N in the soil, tile drainage NO3-N concentration is expected to 
increase after N fertilizer application, particularly if the N fertilizer source contains N in the form 
of NO3-N and in years with high precipitation. However, in our study, only three plots showed 
an increase in tile drainage NO3-N concentrations following the second N application event, 
whereas NO3-N concentration remained relatively constant on the remaining plots (Figure 2.3B).  
Soil N transformations following fertilizer N application events could help explain trends 
in N2O and NO3-N leaching losses. While there was a clear signal of increased soil NH4-N after 
N side-dress application, this did not occur for NO3-N concentrations (Figures 2.3C and D). In 
agricultural soils, NH4-N concentration is generally low because it is rapidly converted to NO3-N 
through the process of nitrification (Norton, 2008), as evidenced by the lower concentrations of 
NH4-N compared to NO3-N before UAN application events. Soil NO3-N concentrations may not 
have increased because crop N uptake started to occur during the period of nitrification, which 
also corresponded with relatively few plots having increased NO3-N concentrations in drainage 
following the second N application event. Several studies have emphasized the importance of 
synchronizing soil N supply with crop N demand to improve N use efficiency and reduce N 
losses in croplands (Robertson and Vitousek, 2009; Snyder and Fixen, 2012). Often this 
corresponds to a split-application of N fertilizer: generally at planting (to ensure initial N supply) 




growth stages V8 and R1 (Sawyer et al., 2006). In the long-term, the unique approach in this 
experiment for monitoring N fluxes at the field-scale will provide a better understanding of how 
specific management practices (e.g. timing of N fertilizer application) may influence soil N 
availability, and in turn, the potential for either enhanced N2O emissions or NO3-N leaching 
losses depending on weather variability and crop growth patterns, among other factors. 
Relationships between N loss pathways can also be compared across the growing season. 
Preliminary data from 2017 indicate that both daily (R = 0.08, p = 0.327, n = 133) and seasonal 
(R= 0.55, p = 0.259, n = 6) N2O and NO3-N leaching losses were not significantly correlated. 
While these results are only based on one year, they provide some important insights regarding 
temporal and spatial considerations when trying to link N2O and NO3-N leaching losses within a 
single study. First, there was an important temporal disconnect when N2O vs NO3-N losses 
primarily occurred. On average, approximately 96% and 86% of the seasonal NO3-N leaching 
and N2O losses occurred between April and May, and between May and August, respectively. 
This is consistent with other subsurface drainage work showing that the largest drainage volumes 
occur in the March-May timeframe (e.g., (Jin and Sands, 2003), which is often a period of high 
precipitation coupled with N fertilizer application in corn-based cropping systems. Our results 
are also relatively consistent with the period of highest N2O emissions in the Midwest, with 
approximately 50-80% of the seasonal cN2O occurring within 30-40 days following N 
application early in the growing season (Omonode et al., 2017), when plant N uptake is relatively 
low and excess N becomes available for nitrification and denitrification. In our study, 





In this sense, the lack of a relationship between N2O and NO3-N leaching losses is not 
surprising due to the temporal difference of when these losses were occurring and the soil and 
climate conditions influencing those losses. However, in other years where warm, wet springs 
are followed by cool, dry summers, it would not be surprising if this resulted in high NO3-N 
losses but low N2O emissions. It is also important to highlight that the seasonal N losses 
measured here correspond to the corn growing season (April-October), and therefore do not 
reflect annual losses. To account for these limitations mentioned above, both N2O and NO3-N 
leaching losses will be monitored throughout the year in all 16 experimental units, which will 
also lead to better estimations of total N losses. Drainage events and N2O fluxes during the 
winter by freeze/thaw cycles have been shown in separate studies to contribute significantly to 
the total N losses in certain locations and years (Christianson and Harmel, 2015b; Wagner-
Riddle et al., 2017).  
Beyond the temporal disconnect discussed above, there is an important spatial disconnect 
(i.e. measurement footprint) that may pose challenges in trying to develop quantitative 
relationships between N2O and NO3-N leaching losses. The different scale of measurements 
between N2O and NO3-N, and the within-plot variability that is likely observed for N2O 
emissions in large-scale research, complicates any assessment of the relationship between these 
two variables. It has long been recognized that there is large spatial variability in soil N2O 
emissions. Recent studies have shown that hotspots of N2O emissions within field can account 
for as much as 30% of the cumulative emissions (Turner et al., 2016). While new measurement 
techniques are available to analyze emissions in large plots [e.g. see methods in Hensen et al. 
(2013)], they are considerably more expensive and may not support replicated treatment 




spatial variability in soil N2O emissions, specifically for plot sizes typical for assessing tile 
drainage nutrients concentrations. Recently there have been calls for not only additional field 
studies where multiple types of N loss pathways are simultaneously evaluated, but also for better 
data reporting to enhance future agro-ecosystem data syntheses and meta-analyses (Eagle et al., 
2017a). A great deal of research activity is being directed towards addressing this knowledge 
gap, thus we encourage others to consider these temporal and spatial methodology points when 
evaluating both N2O and NO3-N leaching losses in the same study.  
Remote sensing technologies for monitoring both crop and environmental performance 
Despite the rapid growth of UAVs in agriculture, little work has explored the potential 
for new technologies to directly link sustainability outcomes with improved agronomic 
efficiencies. The value in the present research is not only being able to assess these relationships 
after harvest, but also earlier in the growing season when adaptive N management decisions 
could still be made. To date, we are unaware of any effort to assess the degree to which in-season 
measurements of crop performance or N use efficiency may correspond with environmental N 
losses.  
Our results from one growing season show that UAV images collected at corn growth 
stage V6 may be an indicator of N2O losses, but not for NO3-N leaching losses (Table 2.1). 
Vegetation indices such as NDVI have been extensively used to make inferences of in-season 
plant N status and biomass production, and generally, greater leaf area and greener plant biomass 
result in higher NDVI values (Rembold et al., 2013) (Figure 2.5). In theory, areas in the field 
with low early-season NDVI values correspond to areas with poor crop establishment and 
consequently low N uptake, and with more N accumulating in soil, it becomes susceptible for 




relationship between early-season NDVI and N2O losses found in this study. In addition, the 
correlation coefficient between early-season NDVI and N2O losses increased as the season 
progressed (R = -0.44, -0.56, and -0.66 for cN2O at growth stage V6, R1, and seasonal cN2O, 
respectively). On average, approximately 27 and 44% of the total N2O losses had already 
occurred at growth stage V6 and R1, respectively. These results indicate that UAV platforms 
could represent an integrative tool for linking crop performance and air quality outcomes, but 
further research is necessary. Agricultural monitoring systems that provide timely and accurate 
information are of great interest to agricultural producers, allowing them to make in-season 
management decisions to enhance the efficiency of production. If relationships between N2O 
emissions and NDVI were consistent under a wide range of conditions, such an approach could 
have the co-benefit of enhancing the sustainability of food production. 
The correlation between remote sensing vegetation indices and NO3-N leaching losses 
was not significant at any time throughout the growing season (Table 2.1). In fact, due to the 
temporal disconnect discussed above (i.e. 73% of the seasonal NO3-N leaching losses occurred 
before crop emergence), this correlation was not expected to be significant. However, there 
might be cases where this relationship is observable, particularly if excess rainfall affects crop 
growth and losses during the period of crop growth, contributing significantly to seasonal NO3-N 
loads. In theory, it is possible that in years with significant flooding events, crop 
emergence/establishment would be poor (which is associated with NDVI/NDRE), and NO3-N 
leaching losses would be high. Following similar logic as N2O emissions discussed above, being 
able to link agronomic and environmental performance early in the growing season would 
provide enhanced and timely information for monitoring, measurement, and management to 




leaching on an annual basis occurs before UAVs are used to map early-season crop N status, 
there are likely inherent limitations in using remote sensing technologies as an indicator of water 
quality outcomes. 
CONCLUSIONS 
Reducing the N footprint of high-yielding cropping systems in the U.S. Midwest has 
become of great interest to agricultural producers, policy-makers, and society. Understanding 
potential tradeoffs between crop productivity and environmental pollution is key to advancing 
the sustainability of N fertilizer use in this region. In this study, preliminary results from 2017 
were used to (i) assess correlations between crop N dynamics and environmental losses and to 
(ii) discuss the benefits and limitations of using recent developments in technologies to monitor 
cropping systems N dynamics at the field-scale. There is a common consensus in the literature 
that enhancing crop yields and N use efficiency will result in lower environmental N losses. 
While growing season N2O emissions and NO3-N loads were not correlated with grain yield in 
this study, results illustrate how an integrated field-scale research approach can help further 
evaluate and strengthen current theories relating crop N dynamics to environmental losses. 
Despite the assumption that N2O and NO3-N leaching losses should be correlated with each 
other, our results showed that both daily and seasonal N2O emissions and NO3-N were not 
significant correlated, mainly due to a temporal disconnect when N2O vs NO3-N losses primarily 
occurred. Hence, this is an important aspect that needs to be considered when trying to link N2O 
and NO3-N leaching losses in future research. With recent developments in UAV systems, 
remotely-sensed data at high temporal and spatial resolutions have become more affordable at 
the farm-level. While the results shown here are only based on one year, there are indications 




performance, with lower NDVI values associated with higher N2O emissions. However, the 
potential for UAVs to evaluate water quality appears much more limited because NO3-N losses 
happened prior to early-season crop growth and image collection. Building on this work, we 
encourage future research to test the usefulness of remote sensing technologies for monitoring 
environmental quality, with the goal of providing timely and accurate information to enhance the 
efficiency and sustainability of food production. 
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CHAPTER 3: PAIRING IN-SEASON NITROGEN AND COVER CROPPING CAN 
REDUCE SUBSURFACE NITRATE LOSSES AND MAINTAIN CORN YIELDS 
 
ABSTRACT 
Artificial subsurface drainage is essential to sustain crop production in many areas but 
may also impair water quality by exacerbating nitrate-nitrogen (NO3-N) leaching. Cover crops 
(CC) and in-season N management have been promoted as key conservation practices for 
reducing NO3-N losses, but few studies have simultaneously assessed their effect on both water 
quality and crop productivity. The objective of this study was to evaluate the effects of in-season 
split N application alone or in combination with CC in comparison to pre-season N application 
on subsurface drainage NO3-N losses and grain yield in continuous corn (Zea mays L.). 
Treatments were: Pre-Season-N: 224 kg N ha-1 split-applied with 60% in fall + 40% pre-plant in 
2018, or as single pre-plant applications in 2019 and 2020; In-Season-N: 40% pre-plant + 60% 
side-dress (V6-V7); In-Season-N + CC: In-Season-N + cereal rye (Secale cereale L.); and a zero 
N plot as the Control. Across the 3-yr study period, In-Season-N + CC significantly reduced 
flow-weighted NO3-N concentration and NO3-N losses by 35 and 37%, respectively, compared 
to Pre-Season-N. However, flow-weighted NO3-N concentration (4.3 mg L
-1) and NO3-N loss 
(22.4 kg ha-1) with In-Season-N were not significantly different from either Pre-Season-N (4.8 
mg L-1 and 26.4 kg ha-1, respectively) or In-Season-N + CC (3.1 mg L-1 and 16.7 kg ha-1, 
respectively). Corn grain yield was not significantly affected by treatments in any year. These 
results indicated that pairing in-season N application with CC holds promise for meeting the 
state-wide interim milestone NO3-N reduction target of 15% by 2025 without negatively 





Agricultural nitrogen (N) contributions to water quality degradation through nitrate-N 
(NO3-N) leaching losses have become a relevant concern in the U.S. Midwest. Elevated riverine 
NO3-N concentrations in the Mississippi River Basin have been attributed to the combination of 
croplands with high N inputs and subsurface drainage systems across much of this region 
(Dinnes et al., 2002; David et al., 2010), contributing significantly to the seasonal hypoxic zone 
in the Northern Gulf of Mexico each year (USEPA, 2007). In response, Illinois and other states 
have developed individual nutrient loss reduction strategies outlining the most effective in-field 
and edge-of-field practices for improving water quality. Of the in-field management strategies 
outlined in the Illinois Nutrient Loss Reduction Strategy (IEPA et al., 2015), improved N 
management (e.g. N rate and timing) and the use of winter cover crops have received great 
attention from researchers, extension professionals, and the retail agriculture industry as a means 
to reduce NO3-N losses from cropland.  
Fall N application with anhydrous ammonia is a common practice in Illinois because of 
the lower cost compared to other N fertilizer sources and the advantage of distributing the 
workload before planting (Gentry et al., 2014). However, because N is applied 5-6 months before 
corn (Zea mays L.) planting, there is a higher potential for N losses following fall N application, 
especially in years with mild winters and wet springs. Previous studies have shown reductions in 
subsurface drainage NO3-N loss (Randall et al., 2003a; Randall and Vetsch, 2005a) and corn 
yield improvements with a single spring N application versus fall N applications (Randall et al., 
2003b; Randall and Vetsch, 2005b). Nitrogen applications can also be split between fall and 
spring, which corresponds to an estimated 10% reduction in NO3-N losses compared to a single 




Another commonly recommended option to reduce the risk of N losses to subsurface 
drains is to synchronize soil N supply to crop N demand (Cassman et al., 2002; Robertson and 
Vitousek, 2009). For corn in Illinois, this could be achieved by splitting N applications between 
planting time and the beginning of rapid crop growth and N uptake (stage V6-V8). While this 
approach is considered part of the 4R’s of nutrient stewardship [the right source, right rate, right 
time, and right place (The Fertilizer Institute, 2020)], few studies have simultaneously assessed 
the effects of fall or spring versus in-season split N applications on water quality and grain yields 
(Eagle et al., 2017). In a corn-soybean (Glycine max L.) rotation, Jaynes (2015) found no 
significant differences in NO3-N losses when anhydrous ammonia was applied either in the fall, 
pre-plant, or at side-dress; but found higher corn yields with side-dress compared to fall 
applications. Randall et al. (2003a; b) reported that in-season split N applications significantly 
increased grain yields compared to fall or pre-plant N, but NO3-N losses were not affected by N 
application timing.  
Cover crops can reduce NO3-N loss in subsurface drainage fields by taking up water and 
inorganic N during the fallow period (Dinnes et al., 2002; Strock et al., 2004). Cereal rye (Secale 
cereal L.) has been widely used in the upper Midwest because of its winter-hardiness and its 
ability to scavenge post-harvest soil N compared to other species (Kaspar and Bakker, 2015). 
While previous studies have shown reductions in NO3-N concentrations in subsurface drainage 
provided by cereal rye (Kaspar et al., 2007, 2012; Ruffatti et al., 2019; Waring et al., 2020), 
many producers remain apprehensive about cover crop adoption. One of the obstacles of planting 
cereal rye ahead of corn is the potential reduction of early-season soil N availability due to net N 
immobilization, resulting in yield reductions (Crandall et al., 2005; Pantoja et al., 2015). Yet, a 




legume cover crop (Marcillo and Miguez, 2017). Moreover, few studies have quantified how an 
in-season split N application combined with a winter cover crop influences NO3-N losses and 
grain yield compared to a system based on fall or spring N applications. The ability to pair 
practices such as cover cropping and in-season N application could be a major component for 
meeting water quality goals in the Mississippi River Basin (Christianson et al., 2018), but 
published evidence on the effectiveness of such stacked practices is lacking. 
When evaluating in-field conservation practices to meet ambitious water quality goals in 
Illinois, it is important to avoid situations where reductions in NO3-N losses are accompanied by 
reductions in grain yields. Therefore, a better understanding of potential risks and tradeoffs 
between water quality and crop productivity is necessary to increase the adoption of these 
practices by producers in Illinois (Marks and Boerngen, 2019). The objectives of this study were 
to (i) determine whether in-season split N application reduces NO3-N losses compared to pre-
season N management, (ii) assess if pairing the recommended practice of a cereal rye cover crop 
with in-season split N applications has greater impacts on NO3-N losses compared to in-season 
split N application alone, and (iii) evaluate the effects of N application timing and cover crop on 
corn grain yields. 
MATERIAL AND METHODS 
Site description and experimental design 
This study was conducted from fall 2017 through fall 2020 at a replicated subsurface 
drainage experiment established in 2016 at the University of Illinois Dudley Smith Farm in 
Christian County, IL (39º 26’ 56” N, 89º 6’ 43” W). A detailed description of the site and 
drainage system was provided by Preza Fontes et al. (2019). Briefly, the long-term annual 




ID: USC00116579). The predominant soil is a Virden silty clay loam (fine, smectitic, mesic 
Vertic Argiaquolls), classified as poorly drained, with 0-2% slopes (Web Soil Survey, 2018). 
Average soil properties with depth are shown in Table A.1. Weather data was recorded using an 
on-site weather station (HOBO® RX3000, Onset Computer Co., Bourne, MA). 
The site consists of 16 hydrologically isolated subsurface drainage plots of ~0.85 ha each. 
Each plot contains three tile laterals of 10.2-cm diameter spaced 18.2 m apart. The corrugated 
plastic tile drains were installed at a depth of 1.0 to 1.1 m with a 0.1% slope using a drainage 
coefficient of 9.5 mm d-1. 
The site was in corn-soybean rotation with conventional tillage before starting the 
experiment and was converted to continuous corn after installing the subsurface drainage system. 
Corn was grown with uniform management across all 16 plots in 2017 (baseline year without 
treatments) [see Preza Fontes et al. (2019) for more details]. The current study began in fall 2017 
when treatments were first imposed for the crop year 2018. Soil tests from samples obtained at 
the beginning of the study showed adequate levels of P, K, and pH (Table A.2). The experiment 
was arranged in a randomized complete block design with four replications. The fertilized 
treatments received 224 kg N ha-1, which was within the MRTN profitable N rate range for corn 
following corn in central Illinois (http://cnrc.iastate.edu). Treatments included three 
combinations of N fertilizer timing and cereal rye cover crop (CC), plus a control treatment with 
no N applied. The Pre-Season-N treatment for the 2018 season consisted of a fall application of 
134 kg N ha-1 as anhydrous ammonia + nitrapyrin rate of 0.56 kg a.i. ha-1 (N-Serve®, Corteva 
Agriscience) followed by a spring pre-plant application of 90 kg N ha-1 as urea-ammonium 
nitrate (UAN, 32% N). Wet soil conditions in the fall of 2018 and 2019 precluded fall N 




kg N ha-1 using UAN (32-0-0). The In-Season-N treatment consisted of a pre-plant (90 kg N ha-
1) and a side-dress application (134 kg N ha-1 at V6-V8 growth stage), both done using injected 
UAN. The third treatment, In-Season-N + CC, consisted of the In-Season-N treatment as 
previously described plus a cereal rye winter cover crop planted the previous fall and terminated 
2-4 weeks before planting. 
Subsurface drainage water monitoring 
Each plot drained to an inline water level control structure (AgriDrainTM, Adair, IA) 
containing a 45º V-notch weir stop log placed at the bottom. Drainage flow was continuously 
monitored in all plots using an automated sampler paired with a logging pressure transducer 
(6712 Full-size Portable Sampler with a 720 probe flow module, Teledyne, ISCO, Lincoln, NE; 
or with a U20L-04 Water Level Logger, Onset Computer Co., Bourne, MA). Water levels logged 
every 15 min were compiled into daily averages, and a daily average flow rate was calculated 
using either a calibrated V-notch weir equation or a compound weir equation at greater flow 
depths (AgriDrainTM, personal communication; Chun and Cooke, 2008). Water levels in each 
control structure were also manually measured during site visits to verify data accuracy based on 
visual observation. The maximum drainage flow was set to ~ 1.57 L s-1 for each plot in data post-
processing based on Manning’s equation and assuming full pipe flow. In flooding events 
following high rainfall intensity (e.g., 177 mm on 11-12 June 2018), the water level inside the 
control structure was raised above levels resulting in the maximum drainage flow rate 
(sometimes > 1 m water depth). In these situations, the flow rate was considered 1.57 L s-1 
following increased water levels, and assumed 0 L s-1 (due to an assumed flooded outlet) until 




From fall 2017 through summer 2019, daily water samples of 800 mL were collected 
from each plot (composite from four 200-mL samples taken every 6 h). Beginning in fall 2019, 
water samples were composited over a 2-d period (from eight 100 mL samples taken every 6 h). 
Drainage water samples were collected from automated samplers weekly or biweekly, filtered 
within 24 h (0.45 µm, S-Pak® Membrane Filters, Millipore Sigma, Darmstadt, Germany), and 
stored frozen until analysis. Samples were typically analyzed within 20 d in 2018 and 2019, but 
storage times in 2020 were longer (5-6 months) due to global pandemic restrictions. Water 
samples were analyzed for NO3-N concentration using a colorimetric method after Cd reduction 
with a minimum detection limit of 0.01 mg L-1 (method 10-107-106-1-J, Lachat QuickChem 
8500 series, Hach Co., Loveland, CO). Annual NO3-N loss was estimated for each plot by 
multiplying NO3-N concentrations by discharge volumes between the previous sample and the 
current event, and summing over all samples for each water year (WY, 1 October to 30 
September). Flow-weighted NO3-N concentrations were estimated by dividing annual NO3-N 
loss by annual discharge volumes. Yield-scaled NO3-N leaching losses (kg NO3-N Mg
-1 of grain 
produced) were estimated by dividing NO3-N losses by grain yield for each plot. 
Cover crop and corn management 
The cereal rye cover crop was planted after corn harvest in 2017 and 2018 at a rate of 67 
kg ha-1 on 19-cm rows using a John Deere 4555 no-tillage drill (Deere & Co., Moline, IL) (Table 
3.1). In 2019, the cereal rye was seeded into standing corn (R5 growth stage) using a high-
clearance HagieTM Sprayer STS10 (Deere & Co., Moline, IL), with a target seeding rate of 73 kg 
ha-1. In all years, the rye was terminated in the spring by spraying glyphosate [N-
(phosphonomethyl)glycine] at a rate of 1.29 kg a.i. ha-1. Before termination, aboveground 




dried at 60ºC in a forced-air oven, ground to pass a 2-mm screen using a Wiley mill (Arthur H. 
Thomas Co., PA), and analyzed for total N and C by A&L Great Lakes Laboratories (Ft. Wayne, 
IN). 
Table 3.1. Summary of management practices for the water year† 2018-2020 at the University of 
Illinois Dudley Smith Farm, IL. 
Field operation 2018 2019 2020 
Cover crop planting 31 Oct. 2017 25 Oct. 2018 27 Sept. 2019 
Fall strip-tillage 28 Nov. 2017 - - 
Fall N application 28 Nov. 2017 - - 
Cover crop termination 30 Apr. 2018 17 May 2019 21 Apr. 2020 
Spring strip-tillage - 4 June 2019 12 May 2020 
Pre-plant N application 2 May 2018 4 June 2019 31 May 2020 
Corn planting 11 May 2018 8 June 2019 1 June 2020 
Side-dress N application 7 June 2018 9 July 2019 6 July 2020 
Corn harvest 17 Oct. 2018 16 Nov. 2019 14 Oct. 2020 
Post-harvest soil sample 21 Nov. 2018 20 Nov. 2019 26 Oct. 2020 
† Water year is defined from 1 Oct. of the previous year to 30 Sept. of that year. 
 
Corn was planted with 76-cm row spacing at a rate of 86,500 seeds ha-1 in all years 
(Table 3.1). Weeds were controlled by applying pre- and post-emergence herbicides (see 
Appendix A for a detailed description of the herbicide program). Fall strip-tillage was conducted 
at the same time as fall N fertilizer application in 2017. Wet soil conditions in fall 2018 and 2019 
prevented strip-tillage and fall N application, so a strip-freshener (Yetter Manufacturing Co., 
Colchester, IL) was used in the spring 2019 and 2020 to prepare the seedbed before corn 
planting. Phosphorus (triple super phosphate, 0-45-0) and potassium (muriate of potash, 0-0-60) 
fertilizer were broadcast applied on 15 Nov 2017 at a rate of 156 kg P2O5 ha
-1 and 135 kg K2O 
ha-1, respectively. 
After corn reached physiological maturity, 18 plants were randomly collected at three 
locations in each plot. Plants were cut at ground level and separated into ear (cob with grain) and 




mixed thoroughly, and a subsample of ~300 g was dried at 60ºC to constant weight before 
grinding to 2-mm screen size with a Wiley mill. Nitrogen concentration for both stover and grain 
samples was determined using a CHN Combustion Analyzer (Brookside Laboratory, New 
Bremen, OH). 
Corn was harvested using a John Deere Combine equipped with a GREENSTARTM Yield 
Monitor System and Yield Mapping System (Deere & Co., Moline, IL). ArcMap Software v10.7 
(ESRI Inc., Redlands, CA) was used for yield data cleaning (removal of values more than 3 
standard deviations from the mean, according to Sudduth et al., 2012) and calculating average 
grain yield (adjusted to 15% moisture) for each plot. The number of yield data points used within 
each plot was usually between 300 and 400. Cob N% of 0.345 (John Sawyer, personal 
communication) was used to estimate cob N uptake. Stover, cob, and grain yield and their N 
concentration were used to calculate the total aboveground N uptake by corn plants. 
Post-harvest soil sampling and analysis 
Six soil cores (3.2-cm diameter) were taken from each plot after corn harvest (Table 3.1). 
The soil cores were taken mid-way between rows to a 90-cm depth using a tractor-mounted 
hydraulic probe, and were divided into four depth increments (0-15, 15-30, 30-60, and 60-90 
cm). Cores were composited for a total of four samples (depth increments) per plot. Soil 
inorganic N was extracted within 48 h using 2M KCl (12 g of field moist soil in 100 mL 
extraction, shaken for 1 h), filtered (8 µm, Whatman® filter paper No. 2), and analyzed for NO3-
N using a Smartchem 170 discrete wet chemistry auto-analyzer (Unity Scientific, Milford, MD). 
Soil NO3-N (kg ha






Analysis of variance (ANOVA) was conducted using PROC GLIMMIX of SAS v9.4 
(SAS Institute, Cary, NC). For each year, water and crop response variables were analyzed using 
a randomized complete block design, with treatment as fixed effects and block as random effects. 
A second ANOVA was performed to evaluate the treatment effects across the 3-yr study period, 
with year and block nested within year as random factors. Residuals were assessed for normality 
using the Shapiro-Wilk test with PROC UNIVARIATE. When needed, data were square-root 
transformed to fulfill the assumptions of normal distribution and equal variances. After ANOVA, 
the data were back-transformed to the original scale to aid interpretation. The unfertilized control 
treatment was not included in the ANOVA for the yield-scaled NO3-N loss. Because grain yield 
was low when no N was applied, yield-scaled NO3-N losses from that control were >4-fold 
higher compared to the fertilized treatments, and the ANOVA assumptions were not met even 
when data were transformed. Treatment effects were considered significant at p ≤ 0.1. Least 
square means were compared using Fisher’s Least Significant Difference (LSD) method with the 
LINES option. 
RESULTS AND DISCUSSION 
Weather impacts on subsurface drainage flow 
Total annual precipitation was greater in all years compared to the 30-year normal in the 
region (Table 3.2). The most precipitation occurred in WY 2019 (1,242 mm, 18% above the 
long-term average), followed by 2020 (1,129 mm) and 2018 (1,124 mm). Monthly precipitation 
varied over the 3-yr study period, with the most precipitation in June 2018 (267 mm) and 2019 
(227 mm), and the least in December 2017 (5 mm). Monthly air temperature also varied within 




May 2018, and November 2019 and 2020 (± 4ºC). Average temperatures were below normal in 
November, April, and August in all years. In contrast, December was warmer than normal in 
both 2019 and 2020, as well as January and March in 2020.  
Table 3.2. Deviation from the 30-year average (1981-2010 normal†) of average monthly total 
precipitation and air temperature for the water years‡ 2018-2020 at the University of Illinois 
Dudley Smith Farm, IL. 
 Precipitation Air temperature 
 Normal† 2018 2019 2020 Normal† 2018 2019 2020 
 - - - - - - - - - - - - - mm - - - - - - - - - - - - - - - - - - - - - - - - ºC - - - - - - - - - - - 
Oct. 90 +47 –32 +31 13.3 +1.3 –0.2 –0.7 
Nov. 105 –69 –39 –56 7.0 –0.7 –4.6 –4.3 
Dec. 76 –70 +13 –11 –0.3 –0.3 +1.8 +2.2 
Jan. 60 –39 +1 +74 –1.9 –1.3 –0.9 +2.4 
Feb. 54 +59 –8 –11 0.6 +0.9 –0.7 –0.2 
Mar. 77 +25 +71 +10 6.1 –1.9 –2.5 +1.5 
Apr. 100 –38 –8 +50 12.5 –4.5 –0.2 –2.0 
May 114 –29 +65 +47 17.7 +4.7 +0.5 –1.3 
June 116 +152 +112 +13 22.7 +1.4 –0.3 +1.1 
July 99 +37 –24 +58 24.7 –1.2 +0.7 +1.1 
Aug. 74 +40 +47 –57 23.5 –0.1 –0.6 –0.4 
Sept. 85 –40 –7 –70 19.7 +1.8 +2.7 –0.7 
Annual 1050 +74 +192 +78 12.1 +0.1 –0.4 –0.1 
‡Water year is defined from 1 Oct. of the previous year to 30 Sept. of that year. 
 
Annual subsurface drainage discharge was not significantly affected by treatments in any 
year or when the three years were analyzed together (Table 3.3). Across treatments, subsurface 
drainage represented 32, 58, and 63% of the annual precipitation in WY 2018, 2019, and 2020, 
respectively.  In 2018, subsurface drainage flow started in late February and continued through 
the spring. Heavy precipitation events also induced sporadic subsurface drainage flow during the 
summer. When averaged across treatments, 12 and 14% of the annual precipitation occurred as 
subsurface drainage in the spring and summer of 2018, respectively (Table A.3). In contrast, wet 
winters and springs in 2019 and 2020 resulted in large drainage discharge, contributing 




occurred as subsurface drainage in the winter and spring, respectively. Similarly, subsurface 
drainage in the winter and spring accounted for 24 and 20% of the total precipitation in 2020.  
Table 3.3. Average annual subsurface drainage discharge volume, nitrate-nitrogen (NO3-N) loss, 
and flow-weighted NO3-N concentration for each treatment in the 2018-2020 water years† and 
across years. 
Treatment 2018 2019 2020 Across years 
(2018-2020) 
 - - - - - - - - - Drainage volume (mm) - - - - - - - - - 
Pre-Season-N 389 739 668 599 
In-Season-N 309 735 766 603 
In-Season-N + CC 311 703 766 593 
Control 433 613 628 558 
Pr > F 0.419 0.313 0.379 0.933 
 - - - - - - - - Annual NO3-N loss (kg ha
-1) - - - - - - - - 
Pre-Season-N 28.6a‡ 32.0 23.7a 26.4a 
In-Season-N 18.1b 29.4 24.1a 22.4ab 
In-Season-N + CC 14.3b 22.2 15.8ab 16.7bc 
Control 17.5b 9.3 9.2b 11.4c 
Pr > F 0.077 0.138 0.100 0.003 
 - - Annual flow-weighted NO3-N concentration (mg L
-1) - - 
Pre-Season-N 7.8a 4.3 3.4 4.9a 
In-Season-N 6.1ab 4.0 3.5 4.2ab 
In-Season-N + CC 4.5b 3.2 2.2 3.2bc 
Control 4.0b 1.6 1.5 2.1c 
Pr > F 0.045 0.424 0.208 0.001 
† Water year is defined from 1 Oct. of the previous year to 30 Sept. of that year. 
‡ Treatment means within a column followed by different letters are significantly 
different at p < 0.1 by the Fisher’s LSD test. 
CC = cover crop. 
 
Annual precipitation is a driver of annual drainage discharge, with wetter years resulting 
in more drainage (Christianson and Harmel, 2015). Most of the annual drainage generally occurs 
between March and June in colder regions in the upper U.S. Midwest (e.g., Jin and Sands, 2003; 
Randall et al., 2003a; Randall and Vetsch, 2005a). In regions where the soil does not freeze all 
winter, subsurface drainage is generally concentrated during the fallow season of November 




low precipitation in late 2017 and early 2018, with 59% of the annual drainage occurring 
between March and June when averaged across treatments. In contrast, 75 and 70% of the total 
annual drainage in WY 2019 and 2020 occurred between December and May, corresponding to 
44% of annual precipitation. Most of this period was characterized by above-normal 
precipitation (Table 3.2), resulting in soils with high moisture and near field capacity (Figure 
A.1). These results indicate that in addition to spring precipitation, above-normal winter 
precipitation can contribute substantially to the total annual drainage. Christianson and Harmel 
(2015) synthesized results from 91 drainage studies in North America and highlighted the need 
for a more intensive year-round monitoring to potentially capture drainage during this period, 
especially considering projected changes in the hydrological cycle as the climate warms (Bowles 
et al., 2018). 
Subsurface drainage NO3-N concentration and loss 
Annual NO3-N loss was significantly affected by treatments in 2018, 2020, and across 
years (Table 3.3). In-Season-N with or without cover crop lost significantly less NO3-N 
compared to Pre-Season-N in 2018, and was not statistically different from N loss from the 
Control. In contrast, annual NO3-N losses were not significantly different among the fertilized 
treatments in 2020, ranging from 15.8 (In-Season-N + CC) to 24.1 kg NO3-N ha
-1 (In-Season-N). 
There was no significant difference in annual NO3-N loss between In-Season-N + CC and 
Control in 2020. When averaged across years, the In-Season-N + CC significantly reduced NO3-
N losses by 37% compared to the Pre-Season-N treatment, but N loss from that combined 
treatment was not significantly different from the In-Season-N treatment or the Control. The Pre-
Season-N and In-season-N (without cover crop) treatments resulted in NO3-N losses that were 




Annual flow-weighted NO3-N concentrations were significantly affected by treatments 
only in 2018 and across the 3-yr (Table 3.3). In 2018, the flow-weighted NO3-N concentration 
was significantly lower from the In-Season-N + CC treatment compared to the Pre-Season-N 
treatment, but did not differ from the In-Season-N treatment or the Control. No significant 
difference between the Pre-Season-N and In-Season-N was observed in 2018. When averaged 
across years, the flow-weighted NO3-N concentration was 35% lower from the In-Season-N + 
CC treatment compared to the Pre-Season-N treatment, but it was not statistically different than 
the In-Season-N and Control.  
Of the in-field N management strategies outlined in the Illinois Nutrient Loss Reduction 
Strategy (IEPA et al., 2015), there is a primary emphasis on moving away from fall N 
application towards pre-plant or side-dress N applications. Synchronizing N supply with crop N 
demand reduces the time that plant-available N can be lost from the soil (Cassman et al., 2002; 
Robertson and Vitousek, 2009). When comparing the Pre-Season-N with In-Season-N 
treatments, significant differences in NO3-N losses were only seen in 2018, which is the year that 
Pre-Season-N received fall-applied N  (Table 3.3). The significantly greater loss from the Pre-
Season-N treatment was due to high discrete drainage NO3-N concentrations measured in 2018, 
especially early in the spring (Figure A.2). We hypothesize this was due to the warm and wet 
conditions in late February and early March 2018, which increased the conversion of ammonium 
to NO3-N in plots that received fall N. Without plant N uptake during this period, the increased 
soil NO3-N concentration was susceptible to leaching losses. Regardless of treatment, 50% of the 
annual NO3-N loss occurred between February and April 2018 (before pre-plant N application 
and corn planting). By this date, 15.3 and 8 kg NO3-N ha
-1 had already been leached through 




are only from one year (i.e., the Pre-Season treatment consisted of pre-plant applications in 2019 
and 2020 rather than fall applications), these findings highlight the potential for loss of fall-
applied N in the spring, even when nitrification inhibitor is incorporated. 
The lack of significant differences in N losses between Pre-Season-N and In-Season-N in 
2019 and 2020 suggests that in-season N application does not consistently improve water quality 
outcomes. This may in part depend on when periods of high drainage discharge happened 
relative to the date of pre-plant N application time. Averaged across treatments and years, 82% 
of the annual drainage and 88% of the annual NO3-N loss had already occurred by the time of 
pre-plant N application. Moreover, post-harvest soil NO3-N was not significantly different 
between treatments in the fall of 2018 and 2019, ranging from 42 to 47 kg NO3-N ha
-1 in 2019 
and 67 to 92 kg NO3-N ha
-1 in 2020 (Table A.4). Thus, NO3-N losses were more related to 
residual soil N and tile flow patterns during the non-growing season than N application time. 
These results indicate that amount of soil N after the growing season and weather conditions 
during the spring also plays an important role in subsurface NO3-N losses, and that changes in N 
application timing alone may not be sufficient to meet reduction targets in the region. Bakhsh et 
al. (2002) and Randall et al. (2003a) also found no significant differences in annual NO3-N 
losses between pre-plant and in-season split N application over a 6-yr and 7-yr study in Iowa and 
Minnesota, respectively. Similarly, Jaynes (2015) found no significant differences in annual 
NO3-N losses when N was applied at pre-plant or V6 growth stage.  
In contrast to In-Season-N alone, the combination of In-Season-N + CC effectively 
reduced annual flow-weighted NO3-N concentrations and NO3-N losses compared to Pre-
Season-N. Across the 3-yr study period, the flow-weighted NO3-N concentration and NO3-N 




amounts ranging from 13 to 61% (Strock et al., 2004; Kaspar et al., 2007, 2012; Martinez-Feria 
et al., 2016). However, no significant difference was found between In-Season-N with or without 
cover crop in this study, which agrees with previous studies. In a 4-yr study in Iowa, Qi et al. 
(2011) found that including cereal rye before corn did not reduce flow-weighted NO3-N 
concentration and NO3-N losses compared to no cover crop when N was applied closely 
following corn emergence. Similarly, Martinez-Feria (2016) compared in-season split N 
application with and without cover crop and found that cereal rye reduced flow-weighted NO3-N 
concentration and NO3-N losses in only two of six years in Iowa. Because of the high variability 
in individual practices, these results help support the premise that pairing practices will be 
essential for meeting water quality goals in the Mississippi River Basin (Christianson et al., 
2018).  
It is also important to highlight that notable NO3-N leaching losses still occurred when no 
N fertilizer was applied (Table 3.3). The greater annual NO3-N loss in 2018 compared to 2019 
and 2020 from the Control (0 N application) treatment (17.5, 9.3, and 9.2 kg N ha-1, respectively) 
was mostly due to accumulated residual soil NO3-N from the previous year (2017), which was 
attributed to the combination of high N application and below-normal precipitations later in the 
growing season. Corn received 303 kg N ha-1 in the 2017 growing season, and despite high grain 
yields and N removal in portions of the field, post-harvest soil N was high across all 16 plots, 
ranging from 27 to 56 kg NO3-N ha
-1 (Table A.4). As discussed above, above-normal 
precipitation during spring 2018 resulted in high soil N losses with drainage discharge. In 2018, 
10.3 kg NO3-N ha
-1 was lost from the control treatment before the growing season, compared to 




N losses with zero N than those reported here (Lawlor et al., 2008; Helmers et al., 2012; Ruffatti 
et al., 2019). 
Cover crop biomass and nitrogen 
At cereal rye termination, aboveground biomass was substantially lower in 2018 than in 
2019 and 2020 (Table 3.4). Consequently, the low biomass production resulted in low N uptake 
and C/N ratio in 2018. Aboveground biomass production, N concentration, and total N uptake 
were relatively similar in 2019 and 2020. 
Table 3.4. Average aboveground biomass, nitrogen (N) concentration, N uptake, and C/N ratio 
of cereal rye cover crop at termination. 
Year Biomass N concentration  N uptake  C/N ratio 
 (Mg ha-1) (g kg-1) (kg ha-1)  
2018 0.3 32.3 8.2 12/1 
2019 1.2 12.8 15.8 33/1 
2020 1.1 18.0 18.1 22/1 
 
Establishing cover crops in the U.S. Midwest can be difficult due to the short period 
between cash crop harvest and freezing temperatures (Dinnes et al., 2002). In this study, cover 
crop establishment was greatly affected by unfavorable late-fall growing conditions (wet and 
cold soils) when cereal rye was drilled after corn harvest in 2017 and 2018 (Tables 3.2 and 3.4). 
In addition, abnormally low air temperature in March and April resulted in low accumulation of 
growing degree days and limited cereal rye biomass production in the early-spring of both years 
(Figure A.3).  
The greater aboveground biomass production in 2019 compared to 2018 (1.2 versus 0.3 
Mg ha-1; Table 3.4) was attributed to the combination of soil coverage and time of termination. 
Strip-tillage was done after cover crop planting in WY 2018 but not in 2019. Assuming the soil 




crop was reduced by ~33% in 2018. Moreover, wet soil conditions in early-spring 2019 delayed 
cover crop termination by 3-4 weeks. The majority of the biomass growth occurred during this 
period (late April and early May; visually observed but not quantified), with the cereal rye 
accumulating 43% of the total growing degree days (Figure A.3). Although N concentration was 
greater in 2018 than in 2019, total N uptake was 75% lower because of slow growth in early 
spring. Previous studies have reported similar or greater biomass and N uptake for cereal rye no-
till drilled after corn harvest. For instance, cereal rye biomass and N uptake ranged between 0.1 
and 2.5 Mg ha-1 and 11 and 80 kg N ha-1 in separate studies conducted in Iowa (Kaspar et al., 
2012; Pantoja et al., 2015; Martinez-Feria et al., 2016) and between 0.5 and 2.7 Mg ha-1 and 19 
to 67 kg N ha-1 in Minnesota, respectively (Strock et al., 2004). The authors also reported that 
low CC biomass occurred in years with cold weather and short springs. 
When weather conditions are favorable for seed germination, broadcasting cover crop 
seed into standing corn can lead to early establishment and growth before it gets too cold. In fall 
2019, cereal rye seed germinated well because of the 15 mm precipitation within a week after 
air-seeding into standing corn. Also, warm and wet growing conditions promoted additional 
biomass growth in early-spring (Figure A.3). In field-scale studies in Minnesota, Wilson et al. 
(2013) found that precipitation the week after air-seeding into corn and soybean was the most 
important factor in determining cereal rye establishment. Behnke et al. (2020) reported that 
biomass production and C/N ratio of cereal rye seeded into standing corn averaged 1.1 Mg ha-1 
and 15/1 across 5-yr and six locations in Illinois, respectively. 
Our results showed no significant difference in NO3-N loss and NO3-N concentration 
between In-Season-N with and without cover crop, perhaps reflecting the modest amount of 




that these variables tended to be numerically lower (7 – 37%) in plots with cereal rye, 
particularly in 2019 and 2020 when aboveground biomass was > 1 Mg ha-1. Expressing the 
effectiveness of conservation practices in percentages like this is important from a policy 
perspective. For instance, the Illinois Nutrient Loss Reduction Strategy estimates a 30% NO3-N 
loss reduction if grass cover crops are grown on all subsurface-drained corn and soybean fields 
in the state. Across years, there was a 25% reduction in NO3-N loss with In-Season-N + CC 
compared to In-Season-N alone (Table 3.3; numerical difference, not statistically significant). 
Corn grain yield and yield-scaled NO3-N losses 
Grain yields varied slightly among years, but there were no statistically significant 
differences among the fertilized treatments within each year or across years (Table 3.5). In 
contrast, yield-scaled NO3-N losses were significantly affected by treatments in 2018 and across 
years. No significant difference was observed between In-Season-N and In-Season-N + CC in 
2018 and across years. The Pre-Season-N treatment significantly increased yield-scaled NO3-N 
losses compared to the other fertilized treatments in 2018, but not when compared to In-Season-
N across years. 
The Pre-Season-N treatment had higher annual NO3-N losses compared to the other 
treatments in 2018, but it did not translate to lower yields. It is possible that the favorable 
growing season resulted in increased mineralization of soil organic matter and soil N supply 
despite NO3-N losses in that year. Soil organic matter in this field ranges from 23 to 55 g kg
-1 
(Table A.2), and the average grain yield and total N uptake (74 kg N ha-1) in the control 
treatment shows that N mineralization supplied substantial amounts of crop N. Previous studies 
have shown mixed results for N timing impacts on grain yield across the U.S. Midwest. Davies 




applications in a 3-yr study in Lamberton, Michigan. In contrast, Randall et al. (2003b) found 
statistically similar yields between a single fall and pre-plant N application, but greater yields 
with in-season split N application across a 7-yr study in Minnesota. Clark et al. (2020) evaluated 
N application time on corn production on 49 site-years across the U.S. Midwest and found that 
yield differences occurred <15% of the time between pre-plant and in-season split N application. 
Table 3.5. Average corn grain yield and yield-scaled nitrate-nitrogen (NO3-N) loss for each 
treatment during 2018, 2019, 2020, and across years. 
Treatment 2018 2019 2020 Across years 
(2018-2020) 
 - - - - - - - - - Grain yield (Mg ha-1) - - - - - - - - - 
Pre-Season-N 14.8a† 12.9a 11.9a 13.2a 
In-Season-N 14.5a 12.4a 12.2a 13.1a 
In-Season-N + CC 14.8a 12.7a 12.1a 13.2a 
Control 7.2b 1.7b 1.5b 3.4b 
Pr > F <0.001 <0.001 <0.001 <0.001 
 - - - Yield-scaled NO3-N loss (kg N Mg
-1 grain) - - - 
Pre-Season-N 2.0a 2.4 2.0 2.1a 
In-Season-N 1.2b 2.3 1.9 1.8ab 
In-Season-N + CC 1.0b 1.7 1.3 1.4b 
Control‡ 2.4 9.4 8.2 6.2 
Pr > F 0.063 0.757 0.440 0.062 
†Treatment means within a column followed by different letters are significantly 
different at p < 0.1 by the Fisher’s LSD test. 
‡Control treatment was not included in the ANOVA for yield-scaled NO3-N loss 
and used only as a reference point when no N was applied. (Refer to Material 
and Methods - Statistical Analysis) 
CC = cover crop. 
 
The inclusion of a cereal rye cover crop neither increased nor decreased grain yields in 
the current study. The net mineralization or immobilization of N is controlled largely by cover 
crop residue quality (Cabrera et al., 2005). Generally, a C/N ratio <20-40 tends to favor N 
mineralization rather than immobilization during residue decomposition (Vigil and Kissel, 1991; 
Cabrera et al., 2005). The C/N ratio of cereal rye was <33/1 in all years, and consequently, the 




evaluating biomass degradation and N release, Lacey et al. (2020) reported that ~45% of the 
initial N content in cereal rye was released within 40 d after the beginning of the experiment in 
early May, whereas Pantoja et al. (2016) found a 60% release by 63 d. The C/N ratio of cereal 
rye was <22/1 in both studies, lower than we measured. In addition, cereal rye was terminated 3-
4 weeks before corn planting in 2019 and 2020, further reducing the potential for net 
immobilization early in the growing season. Previous research in Illinois reported that yield 
reductions are likely to occur when cereal rye is terminated <2 weeks before corn planting, 
especially with >2 Mg ha-1 biomass, nearly double the amount in the present study (Crandall et 
al., 2005). 
Expressing NO3-N losses in relation to crop productivity can help identify management 
strategies to maintain yields while minimizing environmental pollution. Because grain yields 
were not different among fertilized treatments, yield-scaled NO3-N losses followed the same 
trend as NO3-N losses, in which In-Season-N + CC significantly reduced yield-scaled NO3-N 
losses by 33% compared to Pre-Season-N across years.  
CONCLUSIONS 
Three years of subsurface drainage monitoring from large plots (~0.85 ha each) in Illinois 
showed the combination of in-season split N application plus a cereal rye cover crop 
significantly reduced annual NO3-N losses by 37% compared to pre-season N application (3-yr 
average of 16.7 vs. 26.4 kg N ha-1). Average NO3-N losses were not different between in-season 
split N (22.4 kg N ha-1) and pre-season N application when assessed over the 3-yr study period. 
Moreover, we found that corn grain yields were not affected by the timing of N application and 
cover cropping in any year or when the 3-yr were analyzed together. Understanding potential 




conservation practices by producers in Illinois. Results from this study indicate that pairing 
conservation practices hold more promise for meeting state-wide water quality goals without 
negatively impacting crop productivity. 
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CHAPTER 4: IN-SEASON NITROGEN APPLICATION AND COVER CROPPING CAN 
INCREASE NITROUS OXIDE EMISSIONS IN RAINFED CORN 
 
ABSTRACT 
Cover crops (CC) and improved nitrogen (N) management (e.g. N rate and timing) are 
promoted as key conservation practices for reducing nitrate leaching losses, but their impacts on 
nitrous oxide (N2O) emissions remain less certain. Cover crops can influence N2O emissions by 
reducing soil N during its growth and by providing substrate for microbial activity during its 
decomposition. Moreover, favorable weather and soil conditions can stimulate large pulses of 
N2O following in-season N application, often contributing significantly to seasonal emissions. 
The objective of this study was to evaluate the effects of N application timing and CC on 
cumulative N2O emissions in continuous corn (Zea mays L.). Treatments were: Pre-Season-N: 
224 kg N ha-1 split-applied with 60% in fall + 40% pre-plant in 2018, or as single pre-plant 
applications in 2019 and 2020; In-Season-N: 40% pre-plant + 60% side-dress (V6-V7); In-
Season-N + CC: In-Season-N + cereal rye (Secale cereale L.); and a zero N plot as the Control. 
Across the 3-yr study period, In-Season-N + CC had significantly greater cumulative N2O 
emissions (8.6 kg N ha-1) compared to the pre-season N application (6.3 kg N ha-1), but it did not 
differ from the in-season split N application alone (6.9 kg N ha-1). Moreover, emissions in the 
Pre-Season-N and In-Season-N were not significantly different. Despite the different temporal 
dynamics of N2O fluxes among years, our results highlighted potential risks for triggering large 
N2O events with in-season N application, particularly in combination with CC's decomposition.  




potential tradeoffs between water and air quality, particularly with increasing CC adoption as an 
in-field strategy for mitigating environmental N loss. 
INTRODUCTION 
Nitrous oxide (N2O) has a global warming potential 298 times greater than carbon 
dioxide and is the largest contributor to stratospheric ozone depletion (Ravishankara et al., 2009). 
Agricultural soils account for 75% of total N2O emissions in the U.S. (USEPA, 2019). Soil N2O 
is produced primarily during the denitrification process, which is the biological reduction of 
nitrate (NO3-N) into N2O gas under anaerobic conditions (Coyne, 2008). Increased soil N2O 
emissions in croplands are directly associated with increased soil mineral N from N fertilization 
(Snyder et al., 2009). Hence, compared to other uncontrollable factors influencing N2O 
emissions such as soil moisture, temperature, pH, and C availability, N fertilizer management 
practices present an immediate opportunity for mitigating emissions (Venterea et al., 2012). 
Extensive research has been conducted on the impacts of individual N management 
practices on soil N2O emissions, with great focus on N fertilizer rates (Kim et al., 2013; Decock, 
2014; Shcherbak et al., 2014). However, fewer studies have assessed how different timing of N 
application affects N2O emissions, particularly when anhydrous ammonia is applied in the fall. 
Despite fall-applied anhydrous ammonia being a common practice in Illinois, there is a primary 
emphasis on moving away from fall N application towards pre-plant or side-dress N applications 
as a means to reduce annual nitrate-N (NO3-N) loadings in 15% by 2025 (IEPA et al., 2015; 
Illinois CBMP, 2019). Nevertheless, it is unclear whether changes in N application timing 
increase or decrease N2O emissions. Previous studies have reported lower N2O emissions for 
other N sources compared to anhydrous ammonia when all N was applied in spring (Venterea et 




comparing N2O emissions between fall and spring N applications within the same cropping 
system. 
Efforts to mitigate N losses have focused on supplying N close to the crop’s high N 
uptake period. In the case of corn (Zea mays L.) in Illinois, this often means splitting N 
applications between planting time and side-dress (stage V6-V8). However, weather and soil 
conditions may be more favorable for denitrification during the early growing season compared 
to fall or spring N applications (i.e. warm and moist soils). A recent study showed that growing 
season precipitation was the most important factor impacting N2O emissions in fertilized 
agricultural fields in Canada (Rochette et al., 2018). Moreover, peaks of N2O emissions 
immediately following N fertilization may account for a large portion of annual emissions. 
Parkin and Kaspar (2006) reported two significant peaks of N2O in response to rainfall soon after 
side-dress N application on corn in Iowa, accounting for 49% of the annual emissions. Similarly,  
Omonode et al. (2011) reported that three peaks shortly after side-dress N application accounted 
for 50% of cumulative emissions during the corn growing season in Indiana. 
Cover crops can increase or decrease N2O emissions by influencing factors that control 
denitrification, such as soil water and oxygen content, and availability of N and soluble C (Chen 
et al., 2013; Basche et al., 2014). For instance, cover crops can indirectly reduce N2O emissions 
by depleting soil N and water during their growth. Conversely, cover crops can increase N2O 
emissions during their decomposition by increasing C substrate availability for microbial 
denitrification and by creating anaerobic microsites due to increased microbial respiration and 
greater water absorption by plant residue (Baggs et al., 2003; Petersen et al., 2011; Chen et al., 




the effects of cover crops on N2O emissions found that cover crops increased emissions in 60% 
of cases (Basche et al., 2014). 
Sustaining crop yields while reducing environmental N pollution remains a challenge in 
the U.S. Midwest. Cover crops and in-season N management have been promoted as key 
conservation practices for meeting water quality goals in Illinois (IEPA et al., 2015), but their 
impacts on N2O emissions remain less certain. From an environmental perspective, efforts to 
reduce water pollution mustn't come at the cost of other negative environmental impacts. The 
objectives of this study were to (i) evaluate whether shifting from pre-season to in-season split N 
application increases or decreases soil N2O emissions and (ii) evaluate the combined effects of 
in-season split N application and cover crop on soil N2O emissions. 
MATERIALS AND METHODS 
Site description and experimental design 
This study was conducted within a subsurface drainage experiment established at the 
University of Illinois Dudley Smith Farm, located approximately 8 km north of Pana, IL (39º 27’ 
N, 89º 6’ W). The study consisted of a strip-tillage, continuous corn cropping system. The region 
has a 30-yr average annual rainfall of 1,043 mm (excluding melted snow) and an annual mean 
temperature of 11.6º C (1981-2010 normal) (http://mrcc.illinois.edu, ID: USC00116579). The 
predominant soil type in the field was a Virden silty clay loam (fine, smectitic, mesic Vertic 
Argiaquolls), classified as poorly drained. The following soil properties were determined at the 
start of the experiment: 110 g kg-1 sand, 580 g kg-1 silt, 310 g kg-1 clay, 35 g kg-1 organic matter 




A detailed description of the experimental site and sampling methodology was provided 
by Preza Fontes et al. (2019). In summary, the research site consists of 16 individually drained 
plots of ~0.85 ha. The experiment was arranged in a randomized complete block design with 
four replications. The four treatments included pre-season N application, split N application, split 
N application plus a cover crop, and a control treatment with zero N application. Nitrogen was 
applied at 224 kg N ha-1 in the fertilized treatments, which is within the MRTN profitable N rate 
range for corn following corn in central Illinois (http://cnrc.agron.iastate.edu). The Pre-Season-N 
treatment consisted of a fall [134 kg N ha-1, using anhydrous ammonia + nitrapyrin (N-Serve®, 
Corteva Agriscience)] and pre-plant application [90 kg N ha-1, using 32% urea ammonium nitrate 
(UAN)] in 2018. Nitrapyrin was applied at 0.56 kg a.i. ha-1. Fall N application was not possible 
due to extremely wet soil conditions during the second two years of the experiment, similar to 
commercial farms in the region. Thus, Pre-Season-N consisted of a single pre-plant application 
in 2019 and 2020 with UAN. The In-Season-N treatment consisted of a pre-plant (90 kg N ha-1) 
and a side-dress application (134 kg N ha-1), both with UAN. The third treatment was the In-
Season-N + CC, i.e. including cereal rye (Secale cereale L.) cover crop into the In-Season-N 
treatment. The dates of cover crop planting and termination and N application were provided in 
Table 3.1.  
Cover crop management 
Cereal rye cover crop was drilled after corn harvest on 31 Oct 2017 and 25 Oct 2018 on 
19-cm rows using a John Deere 4555 no-tillage drill (Deere & Co., Moline, IL), with a target 
seeding rate of 67 kg ha-1. On 27 Sept 2019, CC was aerially-seeded into standing corn (R5 
growth stage) using a high-clearance HagieTM Sprayer STS10 (Deere & Co., Moline, IL), with a 




21 Apr 2020 by spraying 1.29 kg a.i. ha-1 of glyphosate [N-(phosphonomethyl)glycine]. Before 
termination, aboveground biomass was randomly collected from a 1 m2 area at five locations in 
each plot (20 samples yr-1). Samples were dried at 60ºC in a forced-air oven, ground to pass a 2-
mm screen using a Wiley mill (Arthur H. Thomas Co., PA), and analyzed for total N and C by 
A&L Great Lakes Laboratories (For Wayne, IN). Cereal rye aboveground biomass, N 
concentration, N uptake, and C/N ratio at termination are shown in Table 3.4. 
Corn management 
Corn was planted on 11 May 2018, 8 June 2019, and 1 June 2020 with a target seeding 
rate of 86,500 seeds ha-1 (Wyffels Hybrid® W7976RIB in 2018, W5518RIB in 2019, and 
W7888RIB in 2020). The seed was placed at 2.5 – 3.5 cm depth with 76-cm row spacing. A fall 
strip-tillage was conducted at the same time as N fertilizer application in 2017 for seedbed 
preparation. However, extremely wet soil conditions in the fall of 2018 and 2019 prevented field 
operations, and neither strip-tillage nor N application was done. Instead, the seedbed was 
prepared using a strip-freshener (Yetter Manufacturing Co., Colchester, IL) on 4 June 2019 and 
12 May 2020. At the beginning of the experiment, triple superphosphate (0-46-0) and muriate of 
potash (0-0-60) were broadcast applied at a rate of 156 kg P2O5 ha
-1 and 135 kg K2O ha
-1, 
respectively. Corn was harvested with a 12.2 m head combine on 17 Oct 2018, 16 Nov 2019, and 
14 Oct 2020. Additional information on corn grain yields as affected by N application timing and 
cereal rye cover crop are presented in Chapter 3. 
Soil N2O emissions 
Soil N2O fluxes were measured using the closed-static manual chamber method (Parkin 




was constructed from clear acrylic plastic and consisted of two parts: a base (67.3 cm length × 
40.6 cm width × 14 cm height) and a vented lid (same dimension as the base) that was insulated 
with reflective double bubble foil (Ecofoil, Urbana, IA). The chamber lids also contained a layer 
of weather stripping (Lundell Manufacturing Co., Minneapolis, MN) lining the connection 
between lids and base to prevent ambient mixing by creating an air-tight seal during gas 
sampling. In each plot, one base was inserted ~5 cm into the soil. Bases were positioned 
approximately 4.5 m from the center tile lateral within each plot to obtain representative drainage 
conditions for the full plot. After anhydrous ammonia application, the bases were centered with 
the injection band. After corn plating, the bases were placed between rows, covering the entire 
inter-row area and encompassing the UAN fertilizer band. 
In 2018, N2O flux measurements started after anhydrous ammonia application in 
December and continued through corn harvest, with increased frequency (twice a week) during 
the period of expected higher N2O emissions (after pre-plant and side-dress N application). Due 
to weather constraints and setbacks in chamber installation, measurements started in April and 
February in 2019 and 2020, respectively. Soil N2O flux measurements were generally made from 
11:00 am to 2:00 pm during the winter and spring, and 9:00 am to 12:00 pm during the summer 
and fall. On each sampling date, the lid was placed on top of the based and secured in place with 
clamps. Each lid had an air-tight septum at the top through which samples were withdrawn. Gas 
samples were collected using 20-mL polypropylene syringes 0, 16, 32, and 48 min after sealing 
the chamber. After withdrawing a sample, 5 mL of gas was ejected, and 15 mL was immediately 
transferred into a 10 mL previously evacuated glass vial, thereby over-pressurizing the vial to 
minimize the incursion of ambient air during storage (Harvey et al., 2020). The glass vials were 




stoppers were covered with clear RTV silicone adhesive sealant (Dow Corning, Midland, MI) to 
prevent leakage. Gas samples were stored in glass vials until analyzed by gas chromatography 
(GC) to determine N2O concentration. The GC was conducted using a Shimadzu-2014 
(Shimadzu Co., Kyoto, Japan) equipped with an electron-capture detector. Helium was used as 
the carrier gas. The GC was calibrated on each day samples were analyzed using four N2O grade 
standards (between 0.1 and 10.14 ppm). 
Daily fluxes (dN2O) were calculated from the rate of change in N2O concentration in the 
chamber headspace versus time using the linear regression method (Venterea et al., 2020). 
Cumulative area-scaled N2O emissions (cN2O) were estimated using trapezoidal integration of 
flux versus time. Yield-scaled N2O emissions (g N2O-N Mg
-1 of grain) were estimated for each 
plot by dividing cN2O by the respective grain yield.  
Weather and soil measurements 
Weather and soil data were recorded using an on-site weather station (HOBO® RX3000, 
Onset Computer Co., Bourne, MA). Soil samples for NO3-N and ammonium-N (NH4-N) 
determination were taken following procedures described by Graham et al. (2018). Briefly, 
composite samples were obtained from five equally spaced soil cores across the inter-row area 
along a transect running perpendicular to the crop, with the middle core located over the N 
fertilizer band. In each plot, samples were taken to 20-cm depth near gas chambers using a 2-cm 
diameter hand probe. Soil inorganic N was extracted at field moisture within 24 h using 2M KCl 
(12 g of soil in 100 mL extraction, shaken for 1 h), filtered (8 µm, Whatman® filter paper No. 2), 
and NO3-N and NH4-N concentrations were determined using a Smartchem 170 discrete wet 
chemistry auto-analyzer (Unity Scientific, Milford, MD). Soil moisture was measured by 





Analysis of variance (ANOVA) was conducted using PROC GLIMMIX of SAS v9.4 
(SAS Institute, Cary, NC). For each year, the data were analyzed using a randomized complete 
block design, with treatment as fixed effects and block as random effects. After determining 
there was no year by treatment interaction, a second ANOVA was performed to evaluate the 
treatment effects across the 3-yr study period, with year and block nested within year as random 
factors. Residuals were assessed for normality using the Shapiro-Wilk test with PROC 
UNIVARIATE. When needed, the model option DIST=LOGNORMAL was used in the 
ANOVA to fulfill the assumptions of normal distribution and equal variances. After ANOVA, 
the data were back-transformed to the original scale to aid interpretation. Treatment effects were 
considered significant at p ≤ 0.1. Least square means were compared using Fisher’s Least 
Significant Difference (LSD) method with the LINES option. 
RESULTS AND DISCUSSION 
Weather conditions 
Annual precipitation was similar to the long-term average in 2020 (1,053 mm) and 
greater in 2018 (1,159 mm) and 2019 (1,264 mm). Most of the annual rainfall occurred during 
the summer in 2018 (518 mm, June through August) and during the spring in 2020 (398 mm, 
March through May) (Figure 4.1a and 4.1e). In contrast, precipitation was evenly distributed 
during the spring and summer in 2019, totaling 843 mm (Figure 4.1c). Very little precipitation 
occurred between August and October 2020 compared to previous years. Large precipitation 
events were also seen in all years (e.g. 122 mm on 11 June 2018, 81 mm on 15 June 2019, and 




pattern in all years. As expected, soil water content was higher during the spring than summer 
(Fig 4.1b, 4.1d, and 4.1f). In 2018, average air temperatures were low in March and April and 
abruptly increased in May (Figure 4.1b). In contrast, mean air and soil temperature gradually 
increased from March to July and declined after that in 2019 and 2020 (Figure 4.1d and 4.1f). 
The mean air temperature in April and May 2018 was 8 and 22.4ºC compared to 12.5 and 17.7ºC 
for the 30-yr average, respectively. 
 
Figure 4.1. Daily precipitation, average monthly air temperature, and average soil temperature 
and water content (0-8 cm) during the gas sampling periods in 2018 (a and b), 2018 (c and d), 
and 2020 (e and f) at the University of Illinois Dudley Smith Farm, IL. Arrows depict field 
management events for cereal rye cover crop (CC) and nitrogen (N) applications. 
 
Daily soil N2O emissions 
The highest fluxes of daily soil N2O emissions occurred at different times and in different 
treatments each year, but were often associated with fertilization and precipitation events. In 
2018, N2O fluxes sharply increased following N fertilizer application, with the highest flux 
occurring on 25 June in the In-Season-N + CC treatment (376 g N2O-N ha




Across the fertilized treatments, N2O fluxes increased from 3 to 75 g N2O-N ha
-1 d-1 on 16 May 
(first sampling event after pre-plant N application), and from 25 to 133 g N2O-N ha
-1 d-1 on 18 
June (first sampling event after side-dress N application). Fluxes increased and remained high in 
the In-Season-N + CC treatment from 25 June to 6 July, whereas fluxes declined in the other 
fertilized treatments. Fluxes remained low from mid-July to corn harvest in all treatments.  
The period of highest N2O fluxes in 2019 occurred within the last two weeks of June 
(Figure 4.3a). Measurements of N2O emission started on 2 April, 45 d before the cereal rye was 
terminated (17 May). Fluxes of N2O were low in all treatments during the latter period (<16 g 
N2O-N ha
-1 d-1). Rapid spikes occurred after the combination of pre-plant N application and 
following precipitation events. For instance, emissions were still low on 14 June (first sampling 
after pre-plant N) and increased substantially on 18 June following 100 mm of precipitation that 
occurred two days before. The highest mean N2O flux was measured on 18 June in the Pre-
Season-N treatment (607 g N2O-N ha
-1 d-1), followed by In-Season-N (479 g N2O-N ha
-1 d-1) and 
In-Season-N + CC (270 g N2O-N ha
-1 d-1). Additional spikes were observed on 17 June (162 g 
N2O-N ha
-1 d-1 with In-Season-N + CC) and between 23 August and 5 September. The N2O 
fluxes during the latter period generally followed the order in magnitude: In-Season-N + CC > 





Figure 4.2. Mean (± standard error) daily soil nitrous oxide (N2O) fluxes (a) and soil nitrate 
(NO3-N) (b) and ammonium (NH4-N) concentrations (0-20 cm) in 2018. Cereal rye cover crop 
(CC) was planted on 31 Oct 2017. Fall N (134 kg N ha-1) was applied on 28 Nov 2017 for the 






Figure 4.3. Mean (± standard error) daily soil nitrous oxide (N2O) fluxes (a) and soil nitrate 
(NO3-N) (b) and ammonium (NH4-N) concentrations (0-20 cm) in 2019. Cereal rye cover crop 





The largest peaks in N2O flux started later in the 2020 growing season compared to the 
previous years (Figure 4.4). Moderate N2O fluxes were observed in early July and early August 
with high variability across treatments, whereas the greatest flux occurred with the In-Season-N 
+ CC (422 g N2O-N ha
-1 d-1). In contrast to 2019, soil N2O fluxes did not peak until after 3-4 
weeks after side-dress N application, likely due to low precipitation and declining soil water 
content during this period (Figure 4.1e and 4.1f). The rapid increase in N2O fluxes on 3 August 
occurred following 110 mm precipitation between 30 July and 1 August.  
 
Figure 4.4. Mean (± standard error) daily soil nitrous oxide (N2O) fluxes (a) in 2020. Cereal rye 
cover crop (CC) was planted on 27 Sept 2019. 
 
Our results showed that N2O fluxes were consistently low during the non-growing season 
in all years. This was likely due to cold temperatures and low soil N concentrations, causing 
unfavorable conditions for microbial activity. Other studies that included measurements outside 
the growing season reported similar findings (Parkin and Kaspar, 2006; Parkin and Hatfield, 




moisture and temperature, available C and oxygen, and soil NO3-N and NH4-N concentrations 
(Coyne, 2008; Butterbach-Bahl et al., 2013). Despite above-normal precipitation and increased 
soil water content (anaerobic conditions) in early spring 2018, N2O emissions remained low, 
owing to below-normal air temperatures and low soil temperature (Figure 4.1b). In addition, 
based on soil N measurements along with gas sampling during this time (Figures 4.2b and 4.2c), 
most of the fall-applied N was in the NH4-N form, indicating that little nitrification had occurred. 
While a nitrification inhibitor was included with fall N application, we speculate that microbial 
activity was already limited by below-normal temperatures. A similar combination of conditions 
also limited N2O production during other periods in other years. For instance, in addition to 
below-normal temperatures in spring 2019, soil N supply remained low in all treatments (<8 mg 
N kg-1, NO3-N + NH4-N) (Figures 4.3b and 4.3c), reducing the potential for denitrification. 
Evaluating N2O emissions under field conditions is challenging, largely because N2O 
emissions are driven by “hot spots” and “hot moments” (Groffman et al., 2009). In this study, 
N2O emissions during these events were measured in the summer, in which N2O fluxes increased 
rapidly after N fertilization (i.e. hot spots due to increased inorganic N availability) and 
precipitation events (i.e. hot moments due to ideal conditions for N2O production). The rapid 
increase in N2O emissions after N fertilization and precipitation events was in agreement with 
previous studies in this region (Iowa, Indiana, and Illinois) (Parkin and Kaspar, 2006; Omonode 
et al., 2011; Fernández et al., 2015). Although these high peaks lasted <2 weeks, on average, 
they accounted for a large fraction of the annual emissions. For instance, the four peaks shortly 
after side-dress N application in 2018 accounted for 47% of the cumulative emissions in the In-
Season-N + CC treatment, whereas the four peaks after pre-plant N application in 2019 




respectively. These results are similar to those reported by Parkin and Kaspar (2006) and 
Omonode et al. (2011), who found that two or three N2O peaks accounted for ~50% of the 
seasonal emissions.  
In 2 out of 3 years, the In-Season-N + CC treatment showed the highest flux values. In 
the broader literature, it is often stated that applying N close to crop N demand is an important 
opportunity for decreasing the risk of N losses and improving nutrient use efficiency. Concerning 
N2O emissions, recent work demonstrated that higher recovery of N fertilizer (or decreases in 
surplus N) is associated with lower N2O emissions (Omonode et al., 2017). However, in-season 
N application may not always reduce N2O emissions, at least under the conditions of our 
experiment. When N is applied pre-season, even if soil moisture conditions are favorable for 
microbial activity, soil temperatures tend to be low, and thus limiting N2O emissions. When soil 
N supply becomes non-limiting (due to N application), however, growing season rainfall patterns 
can result in a combination of warm and wet soils coupled with high microbial activity due to 
active soil organic matter decomposition. These conditions can stimulate large peaks of N2O that 
often represent a considerable portion of seasonal or annual emissions, as shown above. It is also 
not uncommon for the largest N fluxes to occur in July/August in other studies, regardless of 
early-season N application (Drury et al., 2012; Venterea and Coulter, 2015). In this study, the 
occurrence of N2O fluxes later in the growing season in 2019 was likely due to high soil N 
concentrations resulting from late planting and low precipitation events after side-dress (Figure 
4a-c). In situations where soil N is non-limiting, the timing of the N2O peaks suggests that soil 
temperature and moisture are equally important drivers of N2O emissions as N fertilizer timing. 
While there may be benefits to the crop of split N application in maintaining high soil N 




events, particularly in combination with the decomposition of cover crops (discussed below). 
Further research is necessary to determine if there are unintended consequences of in-season N 
management for N2O emissions.  
Cumulative and yield-scaled N2O emissions 
Cumulative N2O emissions were significantly affected by treatment (Table 4.1), with 
lower cN2O in the control plots in all years and across years. Among the fertilized treatments, 
significant differences were seen in 2018 and 2020 but not in 2019. In 2018, cN2O was 
significantly higher in the In-Season-N + CC compared to the other treatments, whereas no 
difference was observed between Pre-Season-N and In-Season-N. Cumulative N2O emissions 
among the fertilized treatments ranged from 8.0 (In-Season-N) to 9.2 kg N ha-1 (Pre-Season-N) 
in 2019. The effects of treatments followed the same pattern in 2020 and across the 3-yr. For 
instance, cN2O in the In-Season-N + CC was significantly greater than in the Pre-Season-N but 
did not differ from In-Season-N. Similar to individual years, the 3-yr mean cN2O was not 
different between Pre-Season-N and In-Season-N. 
Largely due to the different temporal dynamics of N2O fluxes among years, our results 
showed that shifting from pre-season to in-season split N application neither increased nor 
decreased cN2O across the 3-yr study period. It was interesting to note, however, that the highest 
peaks in daily N2O emissions occurred following in-season N application in 2018 and pre-season 
N application in 2019, but not until three weeks after side-dress in 2020. These results highlight 
how the controlling factors of N2O emissions are highly dynamic and weather-related, and from 
a management perspective, the effects of N timing may not always be predictable. Previous 
studies have shown mixed results for the impacts of N timing on N2O emissions. Burzaco et al. 




pre-plant compared to side-dress (V6, 30 d after planting) over two growing seasons in Indiana. 
In two separate studies in Minnesota using urea as N source, Venterea and Coulter (2015) found 
higher emissions with an in-season split versus early season N application, whereas Venterea et 
al. (2016) found no effects of single or in-season split N at the recommended N rate.  
Table 4.1. Average cumulative nitrous oxide (N2O) emissions and yield-scaled N2O emissions 
for each year and across years. 
 2018 2019 2020 Across years 
(2018-2020) 
 - - - - - - - - - N2O emissions (kg N ha
-1) - - - - - - - - - 
Pre-Season-N 6.2b† 9.2a 5.3b 6.3b 
In-Season-N 6.3b 8.0a 6.6ab 6.9ab 
In-Season-N + CC 9.2a 9.0a 8.4a 8.6a 
Control 2.4c 1.7b 1.4c 1.8c 
Pr > F 0.001 0.020 <0.001 <0.001 
 - - Yield-scaled N2O emissions (g N Mg
-1 grain) - - 
Pre-Season-N 415b 710b 448 480c 
In-Season-N 435ab 623b 541 521bc 
In-Season-N + CC 623a 708b 691 651ab 
Control 348b 1153a 1071 722a 
Pr > F 0.078 0.103 0.144 0.078 
† Treatment means within a column followed by different letters are significantly 
different at P < 0.1 by the Fisher’s LSD test. 
CC = cover crop. 
 
When certain factors are constant (e.g. soil pH, temperature, texture, and available C 
substrate), N2O production can be largely controlled by soil moisture and availability of NO3-N. 
Soil moisture regulates the oxygen availability to soil microbes, with N2O being produced within 
a wide range of water-filled pore space (20-70%) through either denitrification or nitrification 
processes (Bateman and Baggs, 2005). Under saturated conditions, denitrification-driven N2O 
emissions increase with increasing soil NO3-N concentration (Weier et al., 1993). This suggests 
that large events contributing a disproportionate amount to seasonal emissions are driven by the 




timing alone. In particular, the environmental conditions of soil moisture can be highly variable 
under rainfed cropping systems, contributing to large variations in daily N2O fluxes. This was 
best evidenced in 2019, in which N2O fluxes were low after pre-plant N application and rapidly 
spiked after large precipitation events, with large pulses with the Pre-Season-N than In-Season-N 
(224 versus 90 kg N ha-1 applied) (Figure 4.3a). In the same year, greater soil N supply with In-
Season-N (due to side-dress) likely resulted in greater N2O fluxes following precipitation events 
in late August (Figure 4.3a-c).  
The effect of cover crops in our experiment can be broken into two periods – the growing 
season and the non-growing season. The inclusion of cereal rye cover crop did not decrease N2O 
emissions during the non-growing season due to the combination of many factors such as plant 
biomass and N uptake, and weather and soil conditions. In this study, April temperature was 
below-normal in all years, as well as in March 2018 and 2019. These conditions led to limited 
spring cereal rye growth and N uptake before termination (Chapter 2, Table 3.4), reducing the 
potential for mitigating N2O emissions during this period. As discussed above, the low soil N 
supply in all treatments in 2019 (and likely in 2020 due to no fall-applied N) combined with low 
temperatures limited N2O production during the spring. While cover crops can indirectly reduce 
emissions by reducing soil N and modifying soil moisture, it appears this is more challenging 
during the non-growing season in the Upper Midwest due to the short period between cash crop 
harvest and freezing temperatures and cold springs. Previous studies have also shown low cover 
crop biomass and N uptake in years with cold weather and short springs (Pantoja et al., 2015; 
Martinez-Feria et al., 2016; Behnke et al., 2020). 
In contrast, the significant effect of cover crops on 3-yr cN2O was due to differences in 




dress N application for In-Season-N + CC and remained greater for two weeks compared to the 
other treatments (Figure 4.2a; from 25 June to 6 July), resulting in significantly greater cN2O 
compared to the other treatments. The weekly soil samples (0-20 cm depth) during this period 
indicated no change in soil N dynamics between In-Season-N with or without a cover crop 
(Figure 4.2b and 4.2c), suggesting this was not due to large increases in bulk soil N availability. 
Rather, it is possible that the cover crop supplied the necessary C substrate for N2O production in 
soil microsites which serve as the hotspot of microbial activity and rapid C and N 
transformations (Kuzyakov and Blagodatskaya, 2015). The cereal rye was terminated 38 d before 
side-dress in 2018, with an average aboveground biomass and C/N ratio of 0.3 Mg ha-1 and 12/1, 
respectively. Above-normal precipitation and air temperature in June might have hastened 
residue decomposition (Cabrera et al., 2005), thereby releasing mineral N and especially labile C 
to support microbial activity. In an incubation study, Weier et al. (1993) reported that the 
addition of mineral N combined with C amendment increased denitrification and N2O emissions. 
Other studies have shown that cover crops can increase N2O emissions by creating anaerobic 
microsites due to increased microbial respiration and greater water absorption by plant residue 
(Baggs et al., 2003; Petersen et al., 2011; Chen et al., 2013; Mitchell et al., 2013; Kravchenko et 
al., 2017). 
Expressing N2O emissions in relation to crop productivity can help identify management 
strategies to maintain yields while minimizing environmental pollution. Timing of N application 
and cover crops can impact yields by influencing N availability to corn plants. However, grain 
yields were not significantly affected by these practices in this study (Table 3.5), and thus, yield-
scaled N2O emissions followed a similar trend as N2O losses. Across the 3-yr study period, the 




not differ from the In-Season-N. Cover crop acreage has increased 122% in Illinois between 
2012 and 2017 (USDA-NASS, 2019), a trend that is expected to continue in light of the nutrient 
loss reduction goals in the region (IEPA et al., 2015). While cover crops can be an effective in-
field strategy for reducing NO3-N leaching losses through subsurface drainage (Kladivko et al., 
2014; Malone et al., 2014), our results highlighted a potential tradeoff in N losses pathways. A 
recent meta-analysis of 26 published studies found that cover crops increased N2O emissions in 
60% of the cases (Basche et al., 2014); however, empirical data to assess the effects of cereal rye 
cover crop on both N2O emissions and grain yield are lacking, particularly in Illinois. From an 
environmental perspective, efforts to reduce water pollution must not result in environmental 
tradeoffs such as increased N2O emissions. Therefore, future research is needed to better 
understand potential synergies or tradeoffs in environmental N loss when recommending cover 
crops as management practice for mitigating N loss from croplands. 
CONCLUSIONS 
Three years of soil N2O monitoring in Illinois showed that the combination of in-season 
split N application plus a cereal rye cover crop had significantly greater cumulative N2O 
emissions (8.6 kg N ha-1) compared to the pre-season N application (6.3 kg N ha-1), but it did not 
differ from the in-season split N application alone (6.9 kg N ha-1). While there may be benefits to 
the crop of split N application in maintaining high soil N concentrations later in the season, our 
results highlighted potential risks for triggering large N2O events, particularly in combination 
with the decomposition of cereal rye cover crop. With the increasing adoption of cover crops as 
an in-field strategy to reduce NO3-N leaching losses from croplands, these findings show the 
importance of assessing the effects of cover crops in N2O emissions to account for potential 
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CHAPTER 5: RELATIONSHIP OF IN-SEASON SOIL NITROGEN CONCENTRATION 
WITH CORN YIELD AND POTENTIAL NITROGEN LOSSES 
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ABSTRACT 
New process-based tools for predicting in-season soil nitrogen (N) levels have the 
potential to provide timely information for N management decisions for corn (Zea mays L.) 
production systems in the U.S. There is, however, little published data supporting the assumption 
that soil mineral N (SMN, NH4-N + NO3-N at 0-60 cm) is correlated with yield response at 
different vegetative growth stages. Moreover, the degree to which changes in SMN influence the 
risk of N losses is uncertain. Data from 32 site-years of field experiments in Illinois (2015-2018) 
– that included 12 combinations of N fertilizer rate, timing, and source – were used to evaluate 
the relationship between SMN concentration and grain yields across vegetative growth stages 
and estimate the exceedance probability of N losses. Overall, SMN across vegetative growth 
explained 46-61% of the variation in grain yield. Critical level of SMN that optimized yield 
decreased from 23.4 mg kg-1 at V5-V7 to 9.1 mg kg-1 at VT-R1 growth stage, but it was 
consistent, ranging from 14.7 and 16.3 mg kg-1, among sampling periods between V8 and V16 
stages. While increasing SMN from deficiency (below critical levels) to sufficiency (at critical 
levels) increased yields by 22% (11.8 vs. 14.4 Mg ha-1), it also increased the probability of 




production and sustainability goals. These results help guide the development of sustainable in-
season N management strategies by illustrating the importance of incorporating risks of 
environmental N losses when trying to reach optimum grain yield levels. 
INTRODUCTION 
The Midwest U.S. Corn Belt is an important agricultural region accounting for some 85% 
of the total U.S. corn (Zea mays L.) grain production in 2018 (USDA-NASS, 2019b). Nitrogen 
(N) fertilizer inputs are required to maintain corn production and soil fertility in these high-
yielding cropping systems (Poffenbarger et al., 2017), but N losses through nitrate-N leaching 
and nitrous oxide emissions also lead to serious environmental impairment (Galloway and 
Cowling, 2009; Ravishankara et al., 2009). Given these competing demands, new strategies for 
optimizing N fertilizer management could help to maintain grain yields and economic returns 
while also decreasing the risk of environmental N pollution.  
 Developing accurate N recommendations for corn remains a challenge because of the 
many uncertainties related to weather patterns and potential interactions between soil properties 
and crop management, all of which collectively affect the total N supply (Puntel et al., 2016). 
Soil nitrate tests have been widely used to quantify soil N supply and to make N fertilizer 
decisions, although they are less effective in humid compared to arid production environments 
(Scharf, 2015). When using the pre-plant nitrate test, soil N supply is estimated based on residual 
mineral N from soil samples taken in early spring at the rooting depth (Bundy and Meisinger, 
1994), whereas soil nitrate-N concentration measured from samples taken at 0-30 cm depth when 
corn plants are between 15-30 cm tall is currently used to assess the soil status for crop available 
N and guide in-season fertilization needs by the late-spring soil nitrate test in Iowa (Sawyer and 




Scharf (2001), Scharf et al. (2006), Schmidt et al. (2011a), and Ziadi et al. (2012). An excellent 
overview of soil testing and plant sensing for N recommendations for corn along with their 
applications and limitations can be found in a review by Morris et al. (2018).  
An important change in recent years is the increasing availability of model-based 
decision support tools designed to facilitate adaptive in-season N management in response to 
changing environmental conditions. In such models, geospatial soil and weather data are 
combined with crop management and N fertilizer information to simulate soil N cycling 
processes, including soil organic matter mineralization, crop N uptake, and environmental losses 
(Morris et al., 2018). In contrast to a single soil testing approach, the net balance of these 
processes provides an estimate of soil mineral N (SMN) availability throughout the growing 
season, making it an important indicator for management. A key premise of this approach is that 
insufficient SMN limits crop growth and yields, hence a predicted shortfall of SMN can be 
alleviated by in-season N fertilizer application. However, prediction of soil N during the growing 
season has shown to be difficult due to weather uncertainties and its interaction with many soil-
crop processes (Archontoulis et al., 2020). Moreover, few studies have evaluated the degree to 
which SMN over the full course of vegetative growth explains yield variability across a range of 
crop production conditions. The relationship between SMN and yield response is particularly 
uncertain during late vegetative growth stages when SMN has decreased due to crop uptake and 
a variety of factors other than SMN interact to control plant growth (Mueller and Vyn, 2018). 
The lack of published empirical evidence supporting the assumption that SMN during late 
vegetative growth stages helps predict yield response requires further investigation. Addressing 




complement current modeling efforts focused on developing new approaches for more 
sustainable N management.  
Previous N management efforts have largely focused on improving production and 
agronomic efficiencies, but negative impacts on air and water quality are of increasing global 
importance (Zhang et al., 2015). Thus when developing new approaches, it is important to not 
only optimize yield and economics but also minimize the risk of environmental N losses (Banger 
et al., 2017). As a simple and robust indicator that can be readily applied at the field-level, there 
are growing efforts to use N balance (i.e. the difference between N inputs and outputs) as an 
estimate of N losses to track changes in N fertilizer efficiency and decrease the environmental 
footprint of crop production (McLellan et al., 2018; Tenorio et al., 2020). Recent studies have 
shown that N balance is sensitive to changes in N rate and form in the U.S. Midwest (Sela et al., 
2019). However, little research has explored how N balance can be utilized within an integrated 
N management framework to help growers not only identify the potential for N deficiencies but 
also evaluate the risk of environmental N losses (Tenorio et al., 2020).  
In this study, we used data from field experiments over a 4-year period in Illinois (2015-
2018) to test the underlying assumption of dynamic models and highlight the risks of 
environmental N losses even when SMN are within sufficient levels for maximizing grain yields. 
Results will complement model assumptions and provide insights into the validity of decision 
supports tools focusing on SMN as a management variable, while also helping determine if high 
yields can be achieved with a low risk of environmental N losses. Specific objectives were i) to 
evaluate the relationship between SMN concentration and relative grain yield across vegetative 




estimate the exceedance probability of potential N losses for scenarios when SMN 
concentrations are below, within, or above critical levels for optimizing grain yields.  
MATERIAL AND METHODS 
Soil N measurements and grain yield 
Soil mineral N concentration and grain yield data were evaluated from 32 site-years of N 
management studies conducted at research stations and on-farm trials across Illinois between 
2015 and 2018 (Figure 5.1). Soils in of the southern sites (NEO, BRT, and DSP) and at ORR 
were silt loam Alfisols, whereas in of the central and northern sites were silty clay loam and silt 
loam Mollisols. A full description of soil type at each location is shown in Appendix B. The 
primary goal of these field experiments was to track SMN over the growing season in order to 
calibrate a process-based model for simulating SMN under different N timing and forms across a 
range of soil properties and weather in Illinois. Model calibration and validation steps and 
simulations under different N management scenarios were presented in Banger et al. (2019). 
However, relationships between SMN and grain yield were not reported, which is the focus of 
this study. 
Different combinations of N rate, timing, and source, plus a control treatment with zero 
N, were applied across site-years, which created a range in SMN during vegetative growth and 
grain yield. However, treatments did not follow a factorial design (i.e. every combination of N 
rate, source, and time of application), nor all treatments were applied at every site, which has 
limitations as discussed below. In total, treatments included 12 combinations of N fertilizer rates 
(112, 168, or 224 kg N ha-1), source (anhydrous ammonia with or without nitrification inhibitor; 




stage V5 or V9), plus a control treatment with zero N application. At all sites, corn was grown 
following soybean (Glycine max L. Merr) in a typical two-year rotation in Illinois. Planting dates 
varied across site-years, but were generally between mid-April and early May. See Table B.2 for 
a full description of N treatments and Tables B.3 to B.6 for N application and planting dates, as 
well as a list of treatments for each location and year.  
 
Figure 5.1. Location of N management field studies conducted at research stations and on-farm 





Soil sampling for SMN was conducted four to seven times between corn planting and the 
VT-R1 growth stage, following the methods described in Banger et al. (2019). In brief, 
composite soil samples (from 10 or 11 equally spaced soil cores taken between crop rows in 
order to sample band-placed N accurately) were collected from two replications of each 
treatment at two depths (0-30 and 30-60 cm), cores were composited, and soil was analyzed for 
nitrate-N and ammonium-N concentrations at a commercial laboratory. For data analysis, N 
concentrations were averaged across depths, resulting in SMN (mg kg-1 of soil) at 0-60 cm. As 
stated by Banger et al. (2019), while sampling more replications (most trials had four 
replications) might have been desirable, at more than 3,000 samples (> 30,000 cores), the scale 
of sampling was already very large, and adding to it was not feasible. Grain yield was 
determined using a small plot combine in the station trials and by hand-harvest in the on-farm 
trials. Yields were adjusted to 15% moisture. 
Estimated N losses 
Given resource constraints and the geographic scope of field experiments, N losses could 
not be measured in-situ. Instead, we estimated total N losses (as the sum of nitrous oxide 
emissions and nitrate-N leaching) as a function of a simplified N balance following empirical 
relationships reported in McLellan et al. (2018). The limitations of this approach are discussed 
below. Nitrogen balance was calculated as the difference between N input (N fertilizer rate) and 
N output (N removed in grain). Grain N content was estimated for each site-year using an 
empirical linear model between corn yield and grain N content (r2 = 0.73; p < 0.001) based on 
1307 observations across the U.S. North Central region (Tenorio et al., 2019): 




The relationship between N balance and yield-scaled nitrous oxide emissions (r2 = 0.36; p 
< 0.001; n = 136) and nitrate-N leaching losses (r2 = 0.20; p < 0.001; n = 105) were described in 
McLellan et al. (2018) as: 
ln (kg N2O-N Mg
-1 grain) = – 2.367 + 0.0019 × N balance (kg ha-1) [5.2] 
ln (kg NO3-N Mg
-1 grain) = 0.1078 + 0.0074 × N balance (kg ha-1) [5.3] 
Statistical analysis 
To evaluate the relationship between SMN concentration and grain yield, data for SMN 
were grouped into five periods based on vegetative growth stages at the time of sampling (V5-
V7, V8-V10, V11-V13, V14-V16, and VT-R1) to account for expected rapid change in SMN 
during the phase of rapid growth and N uptake before pollination (Abendroth et al., 2011). For 
the treatments with in-season N application at V5 or V9, only SMN measured after this 
application was included in the analysis, that is, after the full N rate was applied.  Relative grain 
yields (% of maximum grain yield at that site-year) were used to account for weather and yield 
variation across site-years, which also gives equal weight to each site-year when calculating 
treatment means (Yau and Hamblin, 1994; Tenorio et al., 2020). Relative yield was calculated by 
dividing the mean of each treatment by the highest yielding treatment within each site-year. 
Quadratic-plateau regression analysis (Bock and Sikora, 1990) between SMN and relative yield 
was conducted for each sampling time category to determine the critical level (± 95% confidence 
interval) of SMN at which grain yield plateaued using the PROC NLMIXED procedure in SAS 
v9.4 (SAS Institute, Cary, NC). Study location was treated as a random factor with SMN as a 




Once the critical SMN concentration was identified for each vegetative growth category, 
the risk of N losses associated with SMN concentrations below, within, or above the critical level 
(i.e., outside the 95% confidence interval) was determined using probability of exceedance 
analysis. This analysis is commonly used in hydrologic studies (e.g. Davis et al., 2000) to 
examine the likelihood of an event occurring based on the percentage of observations falling 
above a specific value. The probability of exceedance for total N losses (kg N Mg-1 yield) was 
calculated for three vegetative growth stage categories (V5-V7, V8-V16, and VT-R1) by ranking 
total N losses in descending order (i.e. rank one for the highest concentration), and dividing the 
ranks by the number of observations plus one for its respective category (Hertzberger et al., 
2019). 
RESULTS AND DISCUSSION 
Relationship between SMN and grain yield 
The quadratic-plateau regression models showed significant (p < 0.001) relationships 
between SMN concentration and relative yield within each category of vegetative growth (Figure 
5.2). The critical level of SMN decreased over time, starting at 23.4 mg kg-1 at V5-V7 and 
declining 2.6-fold to 9.1 mg kg-1 at the VT-R1 growth stage category (Figure 5.2A and 5.2E). 
Most of this decline occurred between the earliest and second sampling periods (V5-V7 to V8-
V10) and between the last two sampling periods (V14-16 and VT-R1); critical levels were 
consistent (within 10% variation) among the intermediate sampling periods (Figures 5.2B, 5.2C, 
and 5.2D). Higher SMN concentrations during the early growth stages were due to previous 
fertilizer N application and low plant N uptake, resulting in the highest critical level of SMN at 




numerous contexts and is currently used to guide N management decisions. For instance, the 
late-spring soil nitrate test in Iowa has a similar threshold of 25 mg nitrate-N kg-1 for the 0-30 cm 
depth at about the V6 growth stage (Sawyer and Mallarino, 2017).  
 
Figure 5.2. Relationship between soil mineral nitrogen (SMN) concentration and relative corn 
yield over vegetative crop growth stages. Critical SMN indicates the SMN level (± 95% 





The period of maximal N accumulation in corn plants (~8.9 kg N ha-1 d-1) occurs between 
V10 and V14 in modern hybrids (Bender et al., 2013; Mueller et al., 2019), which generally 
coincides with conditions favorable for N mineralization (Griffin, 2008). This may explain why 
the critical levels during mid-vegetative growth remained relatively constant (ranging from 14.7 
to 16.3 mg N kg-1), with mineralization helping to maintain SMN levels despite rapid crop 
uptake. The critical SMN concentration during VT-R1 dropped 1.7-fold, on average, from levels 
in the mid-late vegetative stages, likely because by this time plants had taken up 65-70% of their 
total seasonal N requirements (Mueller and Vyn, 2016), meaning N uptake rates had begun to 
slow by this stage (Abendroth et al., 2011; Bender et al., 2013). There is growing interest in late-
season N applications, and to our knowledge, this is one of the first studies quantifying the 
empirical relationship between SMN and crop grain yield at the transition between vegetative 
and reproductive growth. These results corroborate the assumption, used in some process-based 
models, that SMN levels can be used to assist in-season N management decisions. However, the 
relative proportion of variability explained was lower for the last two sampling periods 
suggesting high variability among sites, indicating the need for future research. 
Enhancing the temporal synchrony between soil N supply and crop N demand is key to 
maintaining crop productivity while minimizing the risk of environmental N losses (Cassman et 
al., 2002; Robertson and Vitousek, 2009). Our analysis of 677 observations across 32 site-years 
showed that SMN concentrations explained a relatively large proportion of yield variability 
across vegetative growth stages, with r2 ranging from 0.46 to 0.61 and similar to those reported 
in previous studies (Binford et al., 1992; Schmitt and Randall, 1994; Bundy and Andraski, 1995). 
Using several variables for predicting grain yields, recent studies have shown that weather (e.g. 




was accounted for other soil parameters (e.g. soil depth, initial soil water and SMN levels, and 
C/N ratio) (Puntel et al., 2019; Archontoulis et al., 2020).  
These results lend support to the premise that monitoring SMN throughout vegetative 
growth is an effective basis for adaptive N management strategies to achieve optimum grain 
yields, but with several important caveats. The first is that the large amount of unexplained 
variability in this study, while not surprising given the wide range of experiments included, may 
include crop and soil factors that influence the relationship between SMN and crop yield in 
unknown ways. Within the context of using model simulations to make N fertilizer decisions, 
similar uncertainty would likely exist between predicted (rather than measured) SMN and 
relative yield (Archontoulis et al., 2020). Archontoulis et al. (2020) reported a prediction error of 
approximately 20% for corn yield and 71% for SMN, mainly due to weather uncertainty and 
incorrect input of initial N levels into the model. Second, the present study compared relative 
yields within a site across different N treatments, but it did not include adaptive treatments where 
SMN was measured in real-time, and additional N fertilizer applications were made if needed. 
Whether yields are responsive to additional N fertilizer, particularly at later growth stages, has 
been examined some (Scharf et al., 2002; Walsh et al., 2012; Mueller et al., 2017) but we lack a 
definitive approach to say if, when, and how much additional fertilizer N might be beneficial 
when SMN levels are found to be below the thresholds evaluated here. 
Estimated N balance and N losses 
There are growing efforts to use N balance as an indicator of potential N losses because it 
is a measure of anthropogenic N supply that exceeds crop N demand (McLellan et al., 2018; Sela 
et al., 2019; Tenorio et al., 2020). Recent studies have shown significant relationships between N 




Omonode et al., 2017; McLellan et al., 2018). To meet the increased demand for food in the next 
decades while minimizing N pollution and sustaining soil quality, Zhang et al. (2015) estimated 
an N balance target of 39-78 kg N ha-1 for agricultural production systems. Overall, the estimated 
N balance increased linearly with increasing N rate (Figure B.3), while the relationship for the 
central and northern sites (that received 0, 112, and 224 kg N ha-1, and comprised ~88% of total 
observations) is shown in Figure 5.3. The estimated N balance ranged from -126 to 123 kg ha-1, 
with a mean value of 45 kg ha-1 (Figure 5.3C). As expected, these low N balances were 
associated with low N rates and high grain yields, particularly at the zero N rate, where grain 
yield averaged 9.8 Mg ha-1 (n = 84) (Figure 5.3B). In contrast, higher N rates that do not 
correspond with increased grain yields would result in higher N balances. In a meta-analysis of 
25 published studies across the north-central U.S. and southeast Canada, McLellan et al. (2018) 
showed that N balance ranged from -119 to 202 kg ha-1 on rainfed corn systems that received N 
fertilizer between 50 and 307 kg N ha-1. Similarly, Tenorio et al. (2020) reported an N balance 
ranging from -50 to 180 kg ha-1 in corn fields under rainfed conditions in Nebraska that received 





Figure 5.3. Boxplots showing the distribution of soil mineral nitrogen (SM) (A), grain yield (B), 
estimated nitrogen (N) balance (C), and estimated yield-scaled N losses (D) for the central and 
northern sites. These sites received 0, 112, and 224 kg N ha-1 and comprised about 88% of total 
observations (27 site-years). Solid and dashed lines in boxplots indicate the median and mean 
values. Blue lines indicate the relationship between N application rate and SMN (A), grain yield 
(B), estimated N balance (C), and yield-scaled N losses (D). 
 
Estimated total N losses ranged from 0.45 to 3.7 kg N Mg-1 grain across 27 site-years, 
and followed an exponentially increasing response to N application rates (Figure 5.3D). Of the 
total N losses estimated in this study, nitrate leaching and nitrous oxide emission losses 




nitrate-N leaching loss was 1.7 kg nitrate-N Mg-1 grain, whereas yield-scaled nitrous oxide 
emissions averaged 0.15 kg N2O-N Mg
-1 grain. These estimations of N losses are consistent with 
measured losses reported in previous studies. For instance, Zhao et al. (2016) conducted a meta-
analysis of 31 published studies and found that yield-scaled nitrate-N loss averaged 3.6 kg 
nitrate-N Mg-1 grain on corn that received fertilizer at a rate of 200-250 kg ha-1. Previous studies 
in Illinois have reported yield-scaled nitrous oxide emissions ranging from 0.3 to 1.7 N2O-N Mg
-
1 grain on corn that received N fertilizer at a rate of 180-202 kg ha-1 (Fernández et al., 2015; 
Graham et al., 2018). While we focused here on the negative environmental impacts of nitrous 
oxide emissions and nitrate leaching, we recognize that other pathways of N losses (such as NH3, 
N2, and NOx gaseous losses), which also follow trends similar to those from nitrous oxide 
emissions and nitrate leaching but with higher magnitude, are also important (McLellan et al., 
2018). 
Probability of N losses 
To interpret the probability of exceedance results (Figure 5.4), a higher value moving left 
to the right corresponds with a higher risk of N (subject to) losses exceeding a particular value on 
the x-axis (low to high N losses). Across all data, the mean estimated total N loss was 2.05 kg N 
Mg-1 grain. As expected, lower SMN concentrations generally resulted in lower probabilities that 
a given estimated N loss (below 2.05 kg N Mg-1 grain) would occur for any given growth stage 
(i.e. the red markers were lower than orange and blue for the left side of all panels in Figure 5.4). 
For SMN concentrations falling within or above the critical level (orange and blue markers), the 
likelihood of N losses above 2.05 kg N Mg-1 grain was high –  approximately 69% during V5-V7 
and 64% during VT-R1, on average (Figure 5.4A and 5.4C). While maintaining SMN 




also reduced by approximately 22% compared to when SMN levels were at critical levels (from 
14.4 to 11.8 Mg ha-1, on average). Although maximizing grain yield is not always the most 
profitable scenario, these results indicate a clear tradeoff in N management goals: increasing 
SMN to the critical level may benefit yield, but also increases the probability of negative 
environmental impacts. 
The consequence of having SMN concentrations above the critical level was fairly 
consistent over the course of vegetative development (Figure 5.4). Although few observations 
(11 out of 270) showed estimated N loss lower than 1 kg N Mg-1 grain, having concentrations 
above the critical level resulted in nearly all observations (i.e. 96% probability) having N loss 
values above 1.8 kg N Mg-1 grain. There was a strong decrease in the probability of exceedance 
around 1.8 kg N Mg-1 grain across the data because a large proportion of the observations were 
associated with N applied at the rate of 224 kg N ha-1 (476 out of 677), which produced an 
average N balance of 76 kg N ha-1 (Figure 5.3C), or total N loss of 2.47 kg N Mg-1 grain. 
Assuming a corn yield of 12-15 Mg ha-1 (or 190-240 bushels acre-1) and this average value (2.47 
kg N Mg-1 grain), the area-scaled total N loss would range from 29 to 37 kg N ha-1. It must be 
noted that even though the average N balance was 76 kg N ha-1, approximately 38% of the sites 
had an N balance above the targeted 78 kg N ha-1 proposed for agricultural production systems 
(Zhang et al., 2015). In these situations where excess SMN concentrations that still remain at 
VT-R1, meaning the crop has not utilized these soil N resources before transitioning to 
reproductive growth, will likely result in high N balances, corresponding with a potential for 
high N losses. Thus applying fertilizer N in late vegetative stages would likely increase the 





Figure 5.4. Probability of exceedance of estimated total nitrogen (N) loss for scenarios when soil 
mineral nitrogen concentrations were below (red dot), within the 95% confidence interval 
(orange triangle), and above (blue square) the critical soil mineral N concentration to achieve 
optimal corn yields at three growth stage categories. Estimated total N losses included nitrous 
oxide emissions and nitrate-N leaching losses based on empirical models derived from corn 





LIMITATIONS AND FUTURE RESEACH 
These field experiments were design with the primary goal to track SMN over the 
growing season in order to calibrate a process-based model for predicting SMN under different N 
timing and forms across a range of soil properties and weather (Banger et al., 2019). The 
emphasis on source and timing rather than on N rate (71% of the observations were at the rate of 
224 kg N ha-1) limited the distribution of SMN values, and with it our ability to tie SMN to 
EONR, especially for different N timings and sources. Developing a robust N recommendation 
tool based on SMN would require a full range of N rates at each site in order to generate better-
populated ranges of SMN and yield values, including a temporal component to see if correcting 
low SMN values in-season has promise. Such a system should also be tested by applying the N 
rate predicted by SMN values and comparing it with a standard N rate such as the MRTN to see 
if the new approach outperforms conventional practice. 
Another limitation of not having a full range of N rates at each site, particularly high N 
rates beyond those required to maximize yield, is that N balance values remained relatively 
similar between the 168 and 224 kg N ha-1 treatments Figure B.3), and thus producing a similar 
range of estimated N losses. Taken together, when relationships between SMN and N losses 
were evaluated using a probability of exceedance analysis, the distribution of values for the 
critical range and above-critical range were relatively similar. However, N balance is calculated 
based on N inputs and grain N removal, thus in reality, N balance would increase rapidly at N 
rates above crop demand when yields plateau (Zhao et al., 2016). Therefore, the data here likely 
underestimate the negative environmental penalty for having SMN above the critical value 
because 224 kg N ha-1 was the highest N rate which is not representative of the full range of N 




benefit, increasing both N balance and estimated N losses for the category of above-critical 
category. Therefore, results for the above-critical category should be interpreted with caution, as 
the negative environmental implications of having excess SMN could be much greater. 
Another source of uncertainty in our analysis is our method of estimating N losses. 
Because N losses could not be measured in-situ, we used empirical models based on 25 peer-
review studies but with low predictive power (i.e. low r2). However, we believe they provide 
reasonable outcomes as our estimates were similar to measured N losses reported in the literature 
(Fernández et al., 2015; Zhao et al., 2016; Graham et al., 2018) (Supplementary Fig. S3). In 
addition, our estimated total N losses included the negative environmental impacts directly 
caused by nitrous oxide emissions and nitrate leaching losses, and thus represents only a fraction 
of total N losses. Including other pathways of N losses (such as NH3, N2, and NOx gaseous 
losses) would result in greater N losses. Another way of evaluating the risk of N losses is to 
consider the N balance value itself as N not recovered by the crop and therefore susceptible to 
losses. However, since N balance was used in this study to estimate nitrous oxide emissions and 
nitrate leaching losses, this would not change the conclusions, only the response variable being 
investigated. 
Another uncertainty was having estimated, rather than measured, grain N content and 
therefore N removal as a function of grain yield. Grain N concentration can be affected by many 
biotic and abiotic factors, and can vary considerably at a given grain yield (Tenorio et al., 2019). 
Across 32 site-years in our study, estimated grain-N content (dry weight basis) averaged 133 kg 






New crop modeling technologies for estimating critical SMN values, combined with the 
increased availability of high-clearance applicators have created opportunities for in-season 
evaluation of soil N status and crop requirements, to assess if late-season N fertilizer application 
might benefit yield. Although a range of soil- and plant-based diagnostic tools are available, the 
recent surge of interest in digital agriculture places extra importance on the assumptions 
underlying modeling approaches. Our results showed that SMN across vegetative growth stages 
provided moderately good predictions for achieving optimum grain yields (r2 = 0.46-0.61), 
supporting the premise of process-based models that effective and timely estimation of SMN as 
the basis for adaptive N management strategies. While there were clear differences of estimated 
N losses between deficiency (below critical level) and sufficiency  (at critical levels of SMN), 
our results highlighted potential tradeoffs when trying to reach optimum grain yield levels, in 
which increasing SMN to sufficiency levels also corresponded to increased probability of N 
losses. Compared to existing efforts, the approach outlined in this study is unique because it 
demonstrates the benefits of considering both potential impacts on yield and environmental N 
losses when developing N management strategies. While there are certain limitations to the 
method of estimating N losses based on N balance, this research represents a step in proactively 
balancing the need for improved agronomic efficiencies with sustainability outcomes. 
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CHAPTER 6: GENERAL CONCLUSIONS 
The overall objectives of this dissertation research were to (i) evaluate the effectiveness 
in-field recommended management practices for improving water quality while also assessing 
potential agronomic and environmental tradeoffs, and (ii) explore how process-based modeling 
tools could be used as an integrative approach for linking sustainability outcomes with improved 
agronomic efficiencies. Together, these studies aimed to illustrate the importance of linking 
multiple N loss pathways with crop productivity when developing sustainable in-field 
management strategies for meeting sustainable goals in the region. 
Specifically, the first study quantified the impacts of N application timing and the use of 
winter cereal rye cover crop on subsurface drainage nitrate-nitrogen (NO3-N) leaching losses, 
nitrous oxide (N2O) emissions, and corn yield. Across a 3-yr study period, we found that the 
combination of in-season split N application with cereal rye cover crop significantly reduced 
NO3-N leaching losses by 37% compared to pre-season N application (16.7 versus 26.4 kg ha
-1), 
but soil N2O emissions also increased by 27% (8.6 versus 6.3 kg ha
-1). When evaluating the in-
season split N application alone (without cover crop), NO3-N leaching losses (22.4 kg ha
-1) and 
N2O emissions (6.9 kg ha
-1) were not significantly different from either pre-season N application 
or the combination of in-season split N application with a cover crop. Moreover, corn grain 
yields were not significantly affected by treatments in any year. While these findings indicate 
that pairing in-season N application with cereal rye holds promise for meeting state-wide NO3-N 
reduction interim target of 15% by 2025 without negatively impacting crop productivity, it can 
also correspond to increased N2O emissions, leading to a potential environmental tradeoff 




Our findings provide new insights into the relationship and potential tradeoffs between 
environmental N losses, and the relative magnitude, impact, and environmental cost of these 
tradeoffs merit further investigation. On a mass basis, the reduction in NO3-N losses provided by 
the combination of in-season split N application with cereal rye was numerically higher (9.7 kg 
N ha-1) than the increased N2O emissions compared to the pre-season N application (2.3 kg N ha
-
1). However, these losses correspond to different human health and ecological problems that are 
not comparable. For instance, NO3-N leaching contaminates drinking water and increases 
eutrophication in freshwater ecosystems, whereas N2O emissions increase human exposure to 
ultra-violet light by depleting the ozone layer. Future work is needed to estimate the damage 
costs ($ kg-1 N) of different N losses in order to evaluate whether reductions in NO3-N leaching 
outperform the increased emissions of N2O. There is a growing interest in this concept, and to 
our knowledge, this is one of the first studies providing empirical evidence on multiple N loss 
pathways in the same field and the same cropping year. 
Another holistic approach would be to evaluate and weigh the potential impact of greater 
N2O emissions against other agroecosystem benefits of cover crops. For instance, cover crops 
can suppress weed growth and thus reduce herbicide applications, which in turn can reduce risks 
of agrochemical contamination in groundwater. This could also be included in the damage costs 
analysis, although estimations for agrochemical contamination are not well defined. Cover crops 
can also increase soil C, which is important for improving soil quality and crop productivity, and 
mitigating climate change. Because changes in soil C are relatively slow, this needs to be 
evaluated in longer-term experiments to confirm whether increases in soil C offset increased 
N2O emissions with growing cover crops. This would correspond to a win-win situation in terms 




Our results also highlight important implications for cover crop management. First, 
planting date and environmental conditions needs to be considered for proper emergence and 
establishment. Drilling cover crops after cash crop harvest provides better seed-to-soil contact, 
but soil and weather conditions during this time in the upper Midwest are likely unfavorable for 
germination. If drilling a cover crop after corn harvest is still desired, there is an opportunity to 
extend the cover crop growing window by altering the relative maturity of corn hybrids. 
Selecting a shorter-season corn hybrid, which can be harvested earlier, would allow for earlier 
cover crop planting. However, future work is needed to evaluate potential risks of yield penalty 
associated with shorter season hybrids. Another related option would be to evaluate whether a 
starter N fertilizer increases cover crop germination and establishment, and if increased cover 
crop growth is related to a greater reduction of NO3-N losses. Aerial seeding cover crops into 
standing corn offers further opportunities to finetune planting by providing more time for 
germination and growth before freezing winter temperatures. However, this approach comes 
with the potential risk of poor emergence if conditions are unfavorable (e.g. dry soils). 
Results from the second study contribute important advancements regarding current 
literature. First, we provide empirical evidence supporting the assumption of process-based 
models that soil mineral N during vegetative growth is correlated with grain yields. Across 32 
site-years, soil mineral N concentration provided moderately good predictions for achieving 
optimum grain yields (R2 = 0.46 – 0.61). Furthermore, we estimated critical levels of soil mineral 
N throughout vegetative growth where grain yields are optimized, which can be used as the basis 
for adaptive N management strategies. Once these critical values are established for a location, N 




production. Applying N at the recommended rate would reduce production costs and the risks of 
N losses. 
Second, the probability of exceedance analysis allows us to evaluate the potential 
environmental impacts of managing N fertilizer for sufficient soil mineral N levels to achieve 
optimum yield. Our results highlighted potential agronomic and environmental tradeoffs when 
trying to reach optimum grain yield levels. We found that while increasing soil mineral N from 
deficiency (below critical level) to sufficiency (at critical levels) increased corn yields by 22%, it 
also increased the probability of N losses. These findings can inform future N modeling and 
policy efforts by illustrating the importance of incorporating risks of environmental N losses 




APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
 
Table A.1. Average bulk density, percentage of sand, silt, clay, and soil organic carbon (SOC) of 
soil samples taken at the beginning of the study in the fall of 2017 (N = 16). 
Depth Bulk density Sand Silt Clay SOC 
(cm) (g cm-3) - - - - - - - - - - - (g kg-1) - - - - - - - - - - -  
0 – 15 1.23 110 580 310 18.2 
15 – 30 1.38 100 560 340 15.5 
30 – 60 1.31 80 510 400 10.3 






Table A.2. Summary statistics of selected soil chemical properties at the 17-cm sampling depth 
taken at the beginning of the study in the fall of 2017 (N = 96). 
Variables Unit Mean SD Min. Max. Median 
pH - 6.2 0.3 5.4 7.1 6.1 
OM g kg-1 35 7 23 55 33 
P (Bray-1) mg kg-1 32 15 11 97 28 
K mg kg-1 150 55 90 476 138 
Ca mg kg-1 2046 533 1050 3300 1975 
Mg mg kg-1 306 103 150 595 300 
CEC meq 100 g-1 16 4.2 8 24.2 15.8 







Corn was planted in all years using a John Deere 4555 24-row planter (Deere & Co., Moline, 
IL). Corn hybrid Wyffels W7976RIB [113 maturity range (RM)], W5518RIB (109 RM), and 
W7888RIB (114 RM) were used in 2018, 2019, and 2020, respectively. Wet soil conditions in 
the spring of 2019 and 2020 delayed corn planting by 3-4 weeks compared to 2018. 
Five days before corn planting in 2019, all plots were sprayed with 1.6 kg a.i. ha-1 of 
glyphosate [N-(phosphonomethyl)glycine] plus 0.31 kg a.i. ha-1 of 2,4-D (2,4-Dichloro-
phenoxyacetic acid). A pre- and post-emergence herbicide application were done in 2020. The 
pre-emergence consisted of applying 0.93 kg a.i. ha-1 of glyphosate plus 0.8 kg a.i. ha-1 of 
atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine]. The same rate of glyphosate 
and atrazine was applied on 17 June 2020 for the post-emergence program, plus 0.4 kg a.i. of 
topramezone [3-(4,5-Dihydro-3-isoxazolyl)-2-methyl-4-(methylsulfonyl)phenyl](5- hydroxy-1-
methyl-1H-pyrazol-4-yl) methanone).  
In the fall of 2017, strip-tillage and N fertilizer application was conducted at the same time. 
Anhydrous ammonia was injected in the row at a depth of 20 cm below the soil surface. For the 
N applications using UAN, a flat-coulter applicator (BLU-JET AT6020, Thurston Manufacturing 









Table A.3. Cumulative seasonal precipitation and drainage discharge for the water years† 2018-
2020 at the University of Illinois Dudley Smith Farm, IL. 
 2018 2019 2020 
 - - - - - - Precipitation (mm) - - - - - - 
Fall 218 204 187 
Winter 139 196 241 
Spring 248 419 398 
Summer 518 424 303 
Annual 1124 1242 1129 
 - - - - - - Drainage (mm) - - - - - - 
Fall 30 101 72 
Winter 41 282 271 
Spring 133 255 223 
Summer 156 80 137 
Annual 361 718 703 
 - - - % of precipitation as drainage - - - 
Fall 3 8 6 
Winter 4 23 24 
Spring 12 21 20 
Summer 14 6 12 
Annual 32 58 62 
†Water year is defined from 1 October of the previous 
year to 30 September of that year. 
 
Following the meteorological seasons, fall was defined as 1 September to 30 November, 






Table A.4. Soil nitrate-nitrogen (NO3-N) for each treatment of samples taken after corn harvest 
at 0-90 cm depth. 
Treatment 2017 2018 2019 
 - - - - - - kg NO3-N ha-1 - - - - - - 
Pre-Season-N 27 47 81a 
In-Season-N 41 42 92a 
In-Season-N + CC 56 44 67ab 
Control 46 19 43b 
Pr > F 0.553 0.108 0.041 
 







Figure A.1. Soil temperature and water content at 0-8 cm depth for the water year 2018 (black 
solid line), 2019 (red dashed line), and 2020 (blue short dashed line). Water year is defined from 






Figure A.2. Mean daily nitrate-nitrogen (NO3-N) concentration in subsurface drainage for each 
treatment for the 2018-2020 water years. Water year is defined from 1 October of the previous 






Figure A.3. Cumulative growing degree days (GDD, base 4.4ºC) accumulated from cereal rye 
planting to termination for the water year 2018-2020. Water year is defined from 1 October of 





APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 5 
Site description and treatments 
Soil mineral nitrogen (SMN) and grain yield were collected from a total of 32 site-year 
field experiments – including both research stations and on-farm trials – conducted across 
Illinois from 2015 to 2018. There were nine sites in 2015, seven in 2016, and eight each in 2017 
and 2018. Four experimental research stations (ORR, URB, DKB, and MON) were present every 
year. Soils in of the southern sites (NEO, BRT, and DSP) and at ORR were silt loam Alfisols, 
classified as poorly drained (Cisne series), somewhat poorly drained (Clarksdale and Ipava 
series), and moderately well drained (Downsouth and Grantsburg series). Soils in of the central 
and northern Illinois sites (DKB, MON, URB, ORR, CHR, MCL, SNG, and FRD) were silty 
clay loam and silt loam Mollisols, classified as poorly drained (Hartsburg, Sable, Milford, and 
Ashkum series), somewhat poorly drained (Flanagan, Muscatune, Rutland, Elliott, and Brenton 
series), and moderately well drained (Catlin and Saybrook series). Except at ORR, the Alfisols 
were not subsurface drained, and were planted with little or no tillage. The sites with Mollisols 
were subsurface drained, and were planted after conventional (primary plus secondary) tillage. 





Table B.1.  Description of soil type by location and year. 
Location Soil series Soil texture Taxonomic classification 
- - - - - - - - - - - - - - - - Central and northern Illinois sites - - - - - - - - - - - - - - - - 
DKB 
Catlin† Silt loam Fine-silty, mixed, superactive, mesic Oxyaquic Arguidolls 
Flanagan‡§¶ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
MON Muscatune†‡§¶ Silt loam Fine-silty, mixed, superactive, mesic Aquic Argiudolls 
URB Flanagan†‡§¶ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
ORR 
Clarksdale† Silt loam Fine, smectitic, mesic Udollic Endoaqualfs 
Downsouth‡§ Silt loam Fine-silty, mixed, superactive, mesic Mollic Oxyaquic Hapludalfs 
Ipava¶ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
CHR 
Hartsburg†¶ Silty clay loam Fine-silty, mixed, superactive, mesic Typic Endoaquolls 
Sable† Silty clay loam Fine-silty, mixed, superactive, mesic Typic Endoaquolls 
Milford§ Silty clay loam Fine, mixed, superactive, mesic Typic Endoaquolls 
Rutland§ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
MCL 
Ipava†‡§¶ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
Saybrook†‡§ Silty clay loam Fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls 
Sable¶ Silty clay loam Fine-silty, mixed, superactive, mesic Typic Endoaquolls 
SNG 
Ipava†‡ Silt loam Fine, smectitic, mesic Aquic Argiudolls 
Sable†‡ Silty clay loam Fine-silty, mixed, superactive, mesic Typic Endoaquolls 
FRD 
Elliott§ Silt loam Fine, illitic, mesic Aquic Argiudolls 
Ashkum§ Silty clay loam Fine, mixed, superactive, mesic Typic Endoaquolls 
Milford¶ Silty clay loam Fine, mixed, superactive, mesic Typic Endoaquolls 
Brenton¶ Silt loam Fine-silty, mixed, superactive, mesic Aquic Argiudolls 
- - - - - - - - - - - - - - - - Southern Illinois sites - - - - - - - - - - - - - - - - 
NEO Cisne‡¶ Silt loam Fine, montmorillonitic, mesic Mollic Albaqualfs 
Downsouth§ Silt loam Fine-silty, mixed, superactive, mesic Mollic Oxyaquic Hapludalfs 
DSP Cisne† Silt loam Fine, montmorillonitic, mesic Mollic Albaqualfs 
BRT Grantsburg† Silt loam Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs 





Across site-years in this study, treatments consisted of a Control (zero N applied) plus 12 
combinations of N fertilizer rates (112, 168, and 224 kg N ha-1), source [anhydrous ammonia 
(AA) with or without the nitrification inhibitor (NI) nitrapyrin; urea ammonium nitrate (UAN)], 
and time of application (fall; spring; at planting; and side-dressed at V5 or V9) (Table B.2). 
However, treatments varied across site-years, and not all site-years had all 12 combinations nor 
had full N rates. As shown in Supplementary Table B.2, central and northern sites had 0, 112, 
and 224 kg N ha-1 treatments with AA applied in the fall or spring (DKB, MON, URB, ORR, 
CHR, MCL, SNG, and FRD). In contrast, southern sites had 0, 112, 168, and 224 kg N ha-1 
treatments without AA applications (BRT, DSP, and NEO). At these latter sites, N was applied 
as UAN either at planting or an in-season split application. Across site-years, these treatments 
created a range of SMN levels during the vegetative growth of corn. 
Table B.2. Description of nitrogen (N) treatments. 
Abbreviation N rate  
(kg ha-1) 
Description 
- - - - - - Central and northern Illinois sites - - - - - - 
Control 0 Zero N applied 
112F+NI 112 112 kg N ha-1 injected AA† with NI in fall 
224F+NI 224 224 kg N ha-1 injected AA with NI in fall 
224F-NI 224 224 kg N ha-1 injected AA without NI in fall 
112F+56P+56V5 224 112 kg N ha-1 injected AA in fall with NI + 56 kg N ha-1 
UAN‡ at planting + 56 kg N ha-1 UAN at V5 
224S+NI 224 224 kg N ha-1 injected AA with NI in spring 
224S-NI 224 224 kg N ha-1 injected AA without NI in spring 
56P+168V5 224 56 kg N ha-1 UAN at planting + 168 kg N ha-1 UAN at V5 
- - - - - - - - - - Southern Illinois sites - - - - - - - - - - 
Control 0 Zero N applied 
112P 112 112 kg N ha-1 UAN at planting 
168P 168 168 kg N ha-1 UAN at planting 
56P+112V5 168 56 kg N ha-1 UAN at planting + 112 kg N ha-1 UAN at V5 
56P+112V9 168 56 kg N ha-1 UAN at planting + 112 kg N ha-1 UAN at V9 
224P 224 224 kg N ha-1 UAN at planting 
† All anhydrous ammonia (AA) injected between rows. 





Table B.3. Nitrogen (N) fertilization† and planting dates of corn for the 2015 cropping year. 
Location Fall NH3 Spring NH3 Planting Side-dress 
UAN at V5 
Side-dress 
UAN at V9 
DKB 13 Nov. 16 Apr. 1 May 10 June - 
MON 12 Nov. 14 Apr. 21 Apr. 1 June - 
URB 13 Nov. 6 Apr. 23 Apr. 28 May - 
ORR 12 Nov. 15 Apr. 22 Apr. 29 May - 
CHR 13 Nov. 15 Apr. 28 Apr. 4 June - 
MCL 3 Dec. 14 Apr. 21 Apr. 4 June - 
SNG 13 Nov. 15 Apr. 16 Apr. 4 June - 
DSP - - May 3 11 June 2 July 
BRT - - 3 May 7 June 18 July 
†N applications at planting were made either the same day as planting or within two days after 
planting. 
DKB = 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
MON = Control, 224F+NI, 224F-NI, 112F+56P+56V5, and 56P+168V5. 
URB = Control, 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
ORR = Control, 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
CHR = Control, 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
MCL = Control, 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
SNG = Control, 224F+NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
DSP = Control, 168P, 56P+112V5, and 56P+112V9. 






Table B.4. Nitrogen (N) fertilization† and planting dates of corn for the 2016 cropping year. 
Location Fall NH3 Spring NH3 Planting Side-dress 
UAN at V5 
Side-dress 
UAN at V9 
DKB 11 Nov. 14 Apr. 6 May 9 June - 
MON 10 Nov. 13 Apr. 26 Apr. 3 June - 
URB 10 Nov. 18 Apr. 22 Apr. 3 June - 
ORR 10 Nov. 4 Apr. 13 Apr. 24 May  - 
NEO - - 19 May 16 June 30 June 
MCL 14 Nov. 14 Apr. 22 Apr. - - 
SNG 16 Nov. 4 Apr. 24 Apr. - - 
†N applications at planting were made either the same day as planting or within two days after 
planting. 
DKB = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224S-NS, and 56P+168V5. 
MON = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 56+168V5. 
URB = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 56+168V5. 
ORR = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 56+168V5. 
NEO = Control, 112P, 168P, 56P+112V5, and 56P+112V9. 
MCL = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 56+168V5. 






Table B.5. Nitrogen (N) fertilization† and planting dates of corn for the 2017 cropping year. 
Location Fall NH3 Spring NH3 Planting Side-dress 
UAN at V5 
Side-dress 
UAN at V9 
DKB 16 Nov. 24 Apr. 18 May 19 June - 
MON 15 Nov. 18 Apr. 25 Apr. 6 June - 
URB 14 Nov. 17 Apr. 19 Apr. 5 June - 
ORR 15 Nov. 17 Apr. 24 Apr. 6 June  - 
NEO - - 17 May 14 June 28 June 
CHR 4 Nov. 20 Mar. 18 Apr. 6 June  
MCL 24 Oct. 20 Mar. 15 Apr. 6 June - 
FRD 25 Oct. 10 Apr. 21 Apr. 30 May - 
†N applications at planting were made either the same day as planting or within two days after 
planting. 
DKB = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
MON = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
URB = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
ORR = Control, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 56+168V5. 
NEO = Control, 112P, 168P, 224P, 56P+112V5, and 56P+112V9. 
CHR = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
MCL = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 







Table B.6. Nitrogen (N) fertilization† and planting dates of corn for the 2018 cropping year. 
Location Fall NH3 Spring NH3 Planting Side-dress 
UAN at V5 
Side-dress 
UAN at V9 
DKB 2 Nov. 12 Apr. 29 Apr. 4 June - 
MON 8 Nov. 12 Apr. 25 Apr. 24 May - 
URB 14 Nov. 13 Apr. 28 Apr. 24 May - 
ORR 8 Nov. 13 Apr. 24 Apr. 23 May - 
NEO - - 7 May 29 May 19 June 
CHR 9 Nov. 23 Mar. 26 Apr. 27 May  
MCL 7 Nov. 13 Apr. 25 Apr. 27 May - 
FRD 29 Nov. 28 Apr. 2 May 28 May - 
†N applications at planting were made either the same day as planting or within two days after 
planting. 
DKB = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
MON = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
URB = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
ORR = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
NEO = Control, 112P, 168P, 224P, 56P+112V5, and 56P+112V9. 
CHR = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 
MCL = Control, 112F+NI, 224F+NI, 224F-NI, 112F+56P+56V5, 224+NS, 224-NS, and 
56+168V5. 








These field experiments were designed with the primary goal to track SMN over the 
growing season in order to calibrate a process-based model for predicting SMN under different N 
timing and forms across a range of soil properties and weather (Banger et al., 2019). The 
emphasis on source and timing rather than N rate limited our ability to explore grain yield 
response to N rate. Across 32 site-years, 15% of the observations collected were from the control 
treatment, 71% at the N rate of 224 kg N ha-1, and 7% each at 112 and 168 kg N ha-1. 
Grain yield response to N rates for each site-year is shown in Figure B.1 and Figure B.2. 
In 2015 and 2016, the central and northern sites had the 224 kg ha-1 N rate plus the control, 
whereas treatments with the 168 kg ha-1 N rates were included in 2017 and 2018 (Figure B.1). 
Overall, grain yield increased with increasing N rates. Similar trend was observed for the 





Figure B.1. Grain yield response to nitrogen (N) rate for the central and northern sites. Numbers 






Figure B.2. Grain yield response to nitrogen (N) rate for DSP and BRT sites in 2015 (A) and 
NEO for 2016-2018 (B). Numbers on top of boxplots indicate the number of replications. These 






Across the 4-yr study period, all sites yielded 8-31% more than their respective county 
level at the high N rate, except BRT (Table B.7). Rainfall was much above normal in June 2015 
that limited yields in BRT.  
Table B.7. Average grain yields (in Mg ha-1) at low (0 kg N ha-1) and high nitrogen (N) rates 
across the 4-yr study period. 
Location Low N High N County average 
 - - - - Central and northern Illinois sites - - - - 
DKB 9.4 13.9 12.5 
MON 11.7 15.6 14.4 
URB 9.27 14.7 13.0 
ORR 9.1 12.2 10.8 
CHR 9.8 16.7 13.7 
MCL 9.6 16.8 13.3 
SNG 9.6 16.0 12.2 
FRD 7.0 16.1 13.1 
 - - - - Southern Illinois sites - - - - 
NEO 7.8 12.5 11.6 
DSP 5.2 10.6 9.7 







Figure B.3. Estimated nitrogen (N) balance (top) and N losses at yield-scaled (center) and area-
scaled (bottom) for the central and northern sites (A, B, and C, respectively), southern sites (D, 
E, and F, respectively), and across all site-years (G, H, and I, respectively). Numbers on top of 
boxplots indicate the number of replications. 
